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1,3 $ 3DUDOOHO 2EMHFW2ULHQWHG &RPSXWDWLRQDO
0RGHO
3DXO :DWVRQ DQG 6DYDV 3DUDVWDWLGLV
^3DXO:DWVRQ6DYDV3DUDVWDWLGLV`#QHZFDVWOHDFXN
'HSDUWPHQW RI &RPSXWLQJ 6FLHQFH
8QLYHUVLW\ RI 1HZFDVWOHXSRQ7\QH 1HZFDVWOH 1( 58 8.
$EVWUDFW
,PSOLFLWO\ SDUDOOHO SURJUDPPLQJ ODQJXDJHV SODFH WKH EXUGHQ RI H[SORLWLQJ DQG PDQDJLQJ SDUDOOHOLVP XSRQ WKH
FRPSLOHU DQG UXQWLPH V\VWHP UDWKHU WKDQ RQ WKH SURJUDPPHU 7KLV SDSHU GHVFULEHV WKH GHVLJQ RI 1,3 D
UXQWLPH V\VWHP IRU VXSSRUWLQJ LPSOLFLW SDUDOOHOLVP LQ ODQJXDJHV ZKLFK FRPELQH ERWK IXQFWLRQDO DQG REMHFW
RULHQWHG SURJUDPPLQJ 1,3 LV GHVLJQHG IRU VFDOHDEOH GLVWULEXWHG PHPRU\ V\VWHPV LQFOXGLQJ QHWZRUNV RI
ZRUNVWDWLRQV DQG FXVWRP SDUDOOHO PDFKLQHV 7KH NH\ FRPSRQHQWV RI 1,3 DUH D SDUDOOHO WDVN H[HFXWLRQ XQLW
ZKLFK LQFOXGHV D QRYHO DQG HIILFLHQW PHWKRG IRU OD]LO\ FUHDWLQJ SDUDOOHO WDVNV IURP ORRS LWHUDWLRQV D QRYHO
GLVWULEXWHG VKDUHG PHPRU\ V\VWHP RSWLPLVHG IRU SDUDOOHO REMHFWRULHQWHG SURJUDPV DQG D ORDG EDODQFLQJ V\VWHP
IRU GLVWULEXWLQJ ZRUN RYHU WKH QRGHV RI WKH SDUDOOHO V\VWHP 7KH SDSHU GHVFULEHV WKH UHTXLUHPHQWV SODFHG RQ WKH
UXQWLPH V\VWHP E\ DQ LPSOLFLWO\ SDUDOOHO ODQJXDJH DQG WKHQ GHWDLOV WKH GHVLJQ RI WKH FRPSRQHQWV WKDW FRPSULVH
1,3 VKRZLQJ KRZ WKH FRPSRQHQWV PHHW WKHVH UHTXLUHPHQWV 3HUIRUPDQFH UHVXOWV IRU 1,3 UXQQLQJ SURJUDPV
RQ D QHWZRUN RI ZRUNVWDWLRQV DUH SUHVHQWHG DQG DQDO\VHG
.H\ZRUGV ,PSOLFLW 3DUDOOHOLVP 1HWZRUNV RI :RUNVWDWLRQV /D]\ 7DVN &UHDWLRQ 'LVWULEXWHG
6KDUHG 0HPRU\
 ,1752'8&7,21
7KLV SDSHU GHVFULEHV ZRUN DLPHG DW UHGXFLQJ WKH HIIRUW UHTXLUHG WR GHYHORS HIILFLHQW
SURJUDPV IRU SDUDOOHO DUFKLWHFWXUHV LQ SDUWLFXODU WKRVH ZLWK VFDOHDEOH GLVWULEXWHG PHPRU\
DUFKLWHFWXUHV 0DQ\ SUDFWLWLRQHUV EHOLHYH WKDW WKH ZLGHO\ XVHG PHVVDJH SDVVLQJ PHWKRGRORJ\
FXUUHQWO\ HPERGLHG E\ 390 >@ DQG 03, >@ LV WRR FRPSOH[ DQG WLPHFRQVXPLQJ >@ ,Q
RUGHU WR ZULWH D SDUDOOHO SURJUDP XVLQJ WKHVH OLEUDULHV LW LV WKH UHVSRQVLELOLW\ RI WKH
SURJUDPPHU WR
• 'LYLGH WKH SUREOHP LQWR SDUDOOHO WDVNV DQG VSUHDG WKHP DFURVV WKH QRGHV RI WKH SDUDOOHO
V\VWHP WR DWWHPSW WR EDODQFH RXW WKH FRPSXWDWLRQ DV HYHQO\ DV SRVVLEOH
• (QVXUH WKDW WKH GDWD PRYHV ZLWK WKH FRPSXWDWLRQ 390 DQG 03, IRU H[DPSOH GR QRW
VXSSRUW VKDUHG LQWHUQRGH PHPRU\ DGGUHVV VSDFHV WKXV GDWD PXVW EH H[SOLFLWO\ VHQW LQ
PHVVDJHV IURP WDVNV WKDW SURGXFH GDWD WR WKRVH ZKLFK FRQVXPH LW
• 'HDO ZLWK DQ\ FRQVLVWHQF\ SUREOHPV FDXVHG ZKHQ PXOWLSOH WDVNV VLPXOWDQHRXVO\ WU\ WR
DOWHU VKDUHG GDWD
• 6\QFKURQLVH WDVNV ZKHUH QHFHVVDU\ E\ SDVVLQJ PHVVDJHV
3URJUDPPHUV WKHUHIRUH KDYH WKH UHVSRQVLELOLW\ IRU PDNLQJ DOO WKH LPSRUWDQW GHFLVLRQV DERXW
KRZ WR HIILFLHQWO\ H[SORLW SDUDOOHOLVP 7KLV KDV PDMRU GLVDGYDQWDJHV
• :ULWLQJ SDUDOOHO SURJUDPV UHTXLUHV VSHFLDOLVW H[SHUWLVH SDUDOOHO SURJUDPPHUV DUH RIWHQ
VHHQ DV WKH ´URFNHW VFLHQWLVWVµ RI WKH SURJUDPPLQJ ZRUOG LW LQYROYHV H[FHVVLYH
GHYHORSPHQW HIIRUW DQG LW LV HUURU SURQH
• )RU VRPH LPSRUWDQW W\SHV RI FRPSXWDWLRQ XVXDOO\ G\QDPLF LQ QDWXUH LW LV YHU\ GLIILFXOW
WR HYHQO\ EDODQFH WKH ORDG DFURVV DOO WKH SURFHVVRUV 7KH GHJUHH RI SDUDOOHOLVP DQG WKH
WLPH WDNHQ WR H[HFXWH D WDVN PD\ EH GDWD GHSHQGHQW PDNLQJ LW LPSRVVLEOH IRU D
SURJUDPPHU WR VWDWLFDOO\ RU G\QDPLFDOO\ ZRUN RXW KRZ WR GLYLGH WKH SUREOHP HYHQO\
DFURVV WKH QRGHV
• ,Q WKHRU\ SURJUDPV ZULWWHQ XVLQJ 390 RU 03, DUH SRUWDEOH DQG ZLOO UXQ RQ DQ\ V\VWHP
ZKLFK VXSSRUWV 390 RU 03, ,Q SUDFWLVH KRZHYHU WKH SURJUDPPHU KDV WR PDNH
FKRLFHV RIWHQ IRU WXQLQJ SXUSRVHV ZKLFK UHVXOW LQ WKH SURJUDP SHUIRUPLQJ EHWWHU RQ
VRPH SODWIRUPV WKDQ RWKHUV $ NH\ H[DPSOH LV WKDW WKH SURJUDPPHU PXVW FKRRVH D WDVN
JUDQXODULW\ ZKLFK LV DSSURSULDWH IRU WKH WDUJHW SODWIRUP
7KHVH SUREOHPV DUH EHFRPLQJ PRUH JHQHUDOO\ UHFRJQLVHG )RU H[DPSOH LQYHVWLJDWRUV
H[DPLQLQJ WKH GHVLJQ RI IXWXUH 3HWDIORSV V\VWHPV >@ ZKHQ GLVFXVVLQJ PHVVDJH SDVVLQJ
V\VWHPV VXFK DV 03, DQG 390 VWDWH WKDW ´8QIRUWXQDWHO\ GHYHORSLQJ ODUJHVFDOH SDUDOOHO
SURJUDPV XVLQJ WKHVH SDFNDJHV LV YHU\ GLIILFXOW DQG WLPHFRQVXPLQJµ 7KH\ DOVR SUHGLFW WKDW D
SDUDOOHOLVP RI XS WR  PLOOLRQ ZLOO EH UHTXLUHG WR DFKLHYH 3HWDIORSV SHUIRUPDQFH $
SURJUDPPHU FDQQRW EH H[SHFWHG WR H[SOLFLWO\ FUHDWH DQG PDQDJH WKLV GHJUHH RI SDUDOOHOLVP
H[FHSW IRU WKH PRVW UHJXODU RI FRPSXWDWLRQV
)RU WKHVH UHDVRQV WKH GHVLJQ RI DQ LPSOLFLW SDUDOOHO V\VWHP KDV EHHQ LQYHVWLJDWHG LQ ZKLFK LW LV
WKH FRPSLOHU DQG UXQWLPH V\VWHP UDWKHU WKDQ WKH SURJUDPPHU WKDW DUH UHVSRQVLEOH IRU WKH
FUHDWLRQ DQG PDQDJHPHQW RI SDUDOOHOLVP 7KH UXQWLPH V\VWHP FDOOHG 1,3 KDV EHHQ GHVLJQHG
DQG D SURWRW\SH RI LW KDV EHHQ LPSOHPHQWHG 1,3 UHPRYHV IURP WKH SURJUDPPHU WKH
EXUGHQV RI GLYLGLQJ D SURJUDP LQWR SDUDOOHO WDVNV VKDULQJ ZRUN HYHQO\ DFURVV DOO WKH QRGHV
RUJDQLVLQJ FRPPXQLFDWLRQ EHWZHHQ WDVNV PDNLQJ WKH GDWD DYDLODEOH WR WDVNV WKDW UHTXLUH LW
DQG V\QFKURQLVLQJ WDVNV 7KLV SDSHU GHVFULEHV WKH GHVLJQ RI WKH 1,3 V\VWHP LWV SURWRW\SH
LPSOHPHQWDWLRQ DQG JLYHV D SUHOLPLQDU\ SHUIRUPDQFH HYDOXDWLRQ
7KH UHVW RI WKH SDSHU LV RUJDQLVHG DV IROORZV 6HFWLRQ  GLVFXVVHV KLJKOHYHO SURJUDPPLQJ
ODQJXDJHV ZKLFK VXSSRUW LPSOLFLW SDUDOOHOLVP 7KH DWWULEXWHV RI WKH GLVWULEXWHG PHPRU\
SDUDOOHO DUFKLWHFWXUHV WKDW DUH WDUJHWHG DUH GHVFULEHG LQ VHFWLRQ  7KH UHTXLUHPHQWV SODFHG RQ
1,3 DQG DQ RYHUYLHZ RI LWV VWUXFWXUH DUH LQWURGXFHG LQ VHFWLRQ  ,Q VHFWLRQ  WKH 1,3
H[HFXWLRQ PRGHO DQG WKH WHFKQLTXHV WKDW LQFRUSRUDWHV DUH GHVFULEHG LQ PRUH GHWDLO D QRYHO
PHWKRG IRU FKHDSO\ OD]LO\ H[WUDFWLQJ SDUDOOHOLVP IURP ORRSV WKH WDVN H[HFXWLRQ PHFKDQLVP
DQG G\QDPLF ORDG EDODQFLQJ 7KHQ WKH 'LVWULEXWHG 6KDUHG 0HPRU\ LV SUHVHQWHG VHFWLRQ 
ZKLFK LQFOXGHV D QRYHO PHWKRG IRU RSWLPLVLQJ SHUIRUPDQFH E\ FRPELQLQJ REMHFW ORFNLQJ
ZLWK FDFKH FRKHUHQF\ 3UHOLPLQDU\ SHUIRUPDQFH UHVXOWV IRU WKH 1,3 SURWRW\SH
LPSOHPHQWDWLRQ DUH GHVFULEHG LQ VHFWLRQ  )LQDOO\ FRQFOXVLRQV IURP WKH ZRUN DUH GUDZQ LQ
VHFWLRQ 
 3$5$//(/ 352*5$00,1* /$1*8$*(6
,Q WKH RSLQLRQ RI PDQ\ VRIWZDUH GHYHORSHUV IXQFWLRQDO SURJUDPPLQJ ODQJXDJHV KDYH D
QXPEHU RI DGYDQWDJHV RYHU FRQYHQWLRQDO LPSHUDWLYH ODQJXDJHV LQFOXGLQJ WKHLU
H[SUHVVLYHQHVV DQG WKHLU DPHQLW\ WR UHDVRQLQJ DERXW VHPDQWLFV +RZHYHU WKH\ DOVR KDYH
IXUWKHU DGYDQWDJHV IRU SDUDOOHO FRPSXWDWLRQ ,Q SDUWLFXODU IXQFWLRQDO SURJUDPV FRQWDLQ IDU
IHZHU FRQVWUDLQWV RQ H[HFXWLRQ RUGHU WKDQ GR WKHLU LPSHUDWLYH FRXQWHUSDUWV 7KLV LV EHFDXVH
DOO H[SUHVVLRQV LQ D IXQFWLRQDO SURJUDP DUH UHIHUHQWLDOO\ WUDQVSDUHQW >@ 7KHUHIRUH WKH RUGHU
RI WKHLU H[HFXWLRQ FDQQRW DIIHFW WKH UHVXOW RI WKH H[HFXWLRQ DQG WKLV LQFUHDVHV WKH VFRSH IRU
SDUDOOHO H[HFXWLRQ &RQVHTXHQWO\ D QXPEHU RI SDUDOOHO IXQFWLRQDO SURJUDPPLQJ V\VWHPV KDYH
EHHQ GHYHORSHG RYHU WKH ODVW  \HDUV >@ WR DWWHPSW WR H[SORLW WKHVH DGYDQWDJHV
8QIRUWXQDWHO\ WKH YHU\ SURSHUW\ WKDW PDNHV IXQFWLRQDO SURJUDPV VR ZHOO PDWFKHG WR SDUDOOHO
V\VWHPV³UHIHUHQWLDO WUDQVSDUHQF\³PDNHV WKH SURJUDPPLQJ RI FHUWDLQ LPSRUWDQW FODVVHV RI
FRPSXWDWLRQV XQQDWXUDO FRQWRUWHG DQG FRPSOH[ ,Q SDUWLFXODU PDQ\ FRPSXWDWLRQV RU SDUWV
WKHUHRI DUH QDWXUDOO\ H[SUHVVHG WKURXJK DQ REMHFWRULHQWHG SURJUDPPLQJ VW\OH LQ ZKLFK
REMHFWV HQFDSVXODWH VWDWH ZKLFK PD\ EH XSGDWHG WKURXJK PHWKRG FDOOV 0HWKRG FDOOV WR
REMHFWV PD\ QRW EH UHIHUHQWLDOO\ WUDQVSDUHQW DV LGHQWLFDO FDOOV FDQ UHWXUQ GLIIHUHQW YDOXHV DQG
WKHUHIRUH WKHVH W\SHV RI FRPSXWDWLRQV FDQQRW EH GLUHFWO\ H[SUHVVHG LQ D IXQFWLRQDO SURJUDP
$V LW ZDV IHOW WKDW IXQFWLRQDO SURJUDPPLQJ ZDV LGHDO IRU PDQ\ W\SHV RI FRPSXWDWLRQV DQG
ZHOO VXLWHG WR SDUDOOHOLVP LW ZDV QRW UHMHFWHG HQWLUHO\ DV WKH SUHIHUUHG SURJUDPPLQJ
PHWKRGRORJ\ IRU 1,3 RYHU REMHFWRULHQWDWLRQ 7KH 8)2 8QLWHG )XQFWLRQV DQG 2EMHFWV >@
SURJUDPPLQJ ODQJXDJH ZDV DGRSWHG DV LW EULQJV WRJHWKHU WKH IXQFWLRQDO DQG REMHFW
SURJUDPPLQJ VW\OHV LQ DQ HOHJDQW ZD\ ,Q 8)2 D FOHDU GLVWLQFWLRQ LV PDGH EHWZHHQ REMHFWV
FRQWDLQLQJ PXWDEOH VWDWH DQG REMHFWV FRQWDLQLQJ VWDWH WKDW GRHV QRW FKDQJH DIWHU
FRQVWUXFWLRQ 7KH ODWWHU FDQ EH XVHG WR ZULWH SXUHO\ IXQFWLRQDO SURJUDPV EXW WKH WZR W\SHV RI
REMHFWV FDQ DOVR EH IUHHO\ FRPELQHG ZLWKLQ D SURJUDP ,Q RUGHU WR JDLQ WKH EHQHILWV RI
SDUDOOHO IXQFWLRQDO SURJUDPPLQJ GHVFULEHG DERYH DV PXFK DV SRVVLEOH RI WKH FRPSXWDWLRQ
VKRXOG EH H[SUHVVHG WKURXJK SXUHO\ IXQFWLRQDO REMHFWV +RZHYHU ZKHUH LW LV QDWXUDO WR GR VR
PXWDEOH REMHFWV FDQ EH FRQVWUXFWHG DQG PDQLSXODWHG
7KH 1,3 UXQWLPH V\VWHP ZDV GHVLJQHG DQG LPSOHPHQWHG WR VXSSRUW WKH H[HFXWLRQ RI
SURJUDPPLQJ ODQJXDJHV OLNH 8)2 +RZHYHU WKH PHFKDQLVPV DQG VROXWLRQV LQ 1,3 FRXOG
KDYH DSSOLFDWLRQ DFURVV D ZLGH UDQJH RI SDUDOOHO ODQJXDJHV HVSHFLDOO\ WKRVH EDVHG RQ
IXQFWLRQDO RU REMHFWRULHQWHG SURJUDPPLQJ
7KH UHVW RI WKLV VHFWLRQ KLJKOLJKWV WKRVH DWWULEXWHV RI 8)2 WKDW LQIOXHQFHG LQ WKH GHVLJQ RI
1,3 ZKLOH WKH UHVW RI WKH SDSHU FRQFHQWUDWHV RQ WKH 1,3 UXQWLPH V\VWHP
 2EMHFWV LQ 8)2
,Q 8)2 WKH FODVV LQWHUIDFH PD\ FRQWDLQ IXQFWLRQV DQGRU SURFHGXUHV $ IXQFWLRQ FDOO RQ DQ
REMHFW FDQQRW DOWHU WKH VWDWH RI WKH REMHFW EXW D SURFHGXUH FDOO FDQ ,QVWDQFHV RI D FODVV ZLWK
RQO\ IXQFWLRQ FDOOV DUH UHJDUGHG DV LPPXWDEOH REMHFWV EHFDXVH WKHLU VWDWH FDQQRW EH FKDQJHG
RQFH WKH\ DUH FRQVWUXFWHG ,Q FRQWUDVW LQVWDQFHV RI D FODVV ZLWK DW OHDVW RQH SURFHGXUH FDOO DUH
GHVFULEHG DV PXWDEOH REMHFWV
7KH VHPDQWLFV RI 8)2 VWDWH WKDW WKH H[HFXWLRQ RI D SURFHGXUH FDOO RQ DQ REMHFW VKRXOG
SUHYHQW RWKHU SURFHGXUH RU IXQFWLRQ FDOOV IURP EHLQJ H[HFXWHG RQ WKH VDPH REMHFW DW WKH
VDPH WLPH +RZHYHU IXQFWLRQ FDOOV WKRXJK RQ WKH VDPH REMHFW PD\ EH H[HFXWHG LQ SDUDOOHO
 2SSRUWXQLWLHV IRU ([SORLWLQJ 3DUDOOHOLVP LQ 8)2
$V D ODQJXDJH WKDW VXSSRUWV LPSOLFLW SDUDOOHOLVP 8)2 GRHV QRW SURYLGH WKH PHDQV IRU D
SURJUDPPHU WR H[SOLFLWO\ FUHDWH SDUDOOHO WDVNV ,QVWHDG WKH V\QWD[ DQG VHPDQWLFV RI WKH
ODQJXDJH SURYLGH WZR RSSRUWXQLWLHV IRU WKH FRPSLOHU DQG UXQWLPH V\VWHP WR FUHDWH DQG
H[SORLW SDUDOOHO WDVNV
• ,Q 8)2 DOO FDOOV IXQFWLRQV DQG SURFHGXUHV DUH VWULFW RQ DOO WKHLU DUJXPHQWV³WKH
DUJXPHQWV PXVW EH ILUVW HYDOXDWHG EHIRUH WKH FDOO FDQ SURFHHG ,I WKHUH DUH WZR RU PRUH
DUJXPHQWV WKH RSWLRQ RI HYDOXDWLQJ WKHP LQ SDUDOOHO LV SUHVHQWHG 2QFH WKH H[HFXWLRQ RI
DOO DUJXPHQWV KDV EHHQ FRPSOHWHG WKHQ WKH ERG\ RI WKH FDOO FDQ EH H[HFXWHG ,W LV
 $ IXOO GHVFULSWLRQ RI WKH 8)2 ODQJXDJH LV RXWVLGH WKH VFRSH RI WKLV SDSHU 7KH LQWHUHVWHG UHDGHU LV UHIHUUHG WR
>@
LPSRUWDQW WR QRWH WKDW DV 8)2 LV DQ LPSOLFLW SDUDOOHO ODQJXDJH WKH GHFLVLRQ WR H[HFXWH WKH
DUJXPHQWV LQ SDUDOOHO RU VHULDOO\ ZLOO EH PDGH E\ WKH FRPSLOHU DQGRU WKH UXQWLPH V\VWHP
UDWKHU WKDQ WKH SURJUDPPHU
• :KHUH WKHUH LV D ORRS WDVNV FDQ EH FUHDWHG WR H[HFXWH LQGHSHQGHQW LWHUDWLRQV LQ SDUDOOHO
)LJXUH  VKRZV WKH GHILQLWLRQ RI D ORRS LQ 8)2 7KH PDS IXQFWLRQ WDNHV DQ DUUD\ DQG D
IXQFWLRQ DV LWV DUJXPHQWV DQG DSSOLHV WKH IXQFWLRQ WR HDFK HOHPHQW RI WKH DUUD\ (DFK
LWHUDWLRQ LV LQGHSHQGHQW DQG VR FRXOG EH H[HFXWHG LQ SDUDOOHO
map(a: Array[T];f:T->U): Array[U] is
   for x in a do
      y = f(x) return y
   od
)LJXUH  $ ORRS LQ 8)2
 3$5$//(/0$&+,1( $5&+,7(&785(6
:KLOH 1,3 LV LQWHQGHG WR EH SRUWDEOH DFURVV GLIIHUHQW FODVVHV RI SDUDOOHO DUFKLWHFWXUHV LW
SULPDULO\ WDUJHWV WKH GLVWULEXWHG PHPRU\ PXOWLSURFHVVRU DUFKLWHFWXUH )LJXUH  7KH
DUFKLWHFWXUH FRQVLVWV RI D VHW RI XQLSURFHVVRUV RU PXOWLSURFHVVRUV FRQQHFWHG E\ D KLJK
SHUIRUPDQFH QHWZRUN 7KH PDLQ FRQVWUDLQW RI WKH DUFKLWHFWXUH LV WKDW HDFK SURFHVVRU FDQ
RQO\ DFFHVV LWV ORFDO PHPRU\ DQG VR DOO FRPPXQLFDWLRQ EHWZHHQ QRGHV LV YLD H[SOLFLW
PHVVDJHV VHQW RYHU WKH QHWZRUN
ZRUNVWDWLRQ ZRUNVWDWLRQ ZRUNVWDWLRQ
  
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)LJXUH  7KH 'LVWULEXWHG 0HPRU\ $UFKLWHFWXUH
'LVWULEXWHG PHPRU\ PXOWLSURFHVVRUV DUH KLJK VFDODEOH ZKHQ D QRGH LV DGGHG WR WKH V\VWHP
DOO WKH NH\ SHUIRUPDQFH DWWULEXWHV DUH VFDOHG LQFOXGLQJ SURFHVVLQJ EXV PHPRU\ DQG ,2
WKURXJKSXW DQG FDSDFLW\ +RZHYHU WKH GLVWULEXWHG PHPRU\ DUFKLWHFWXUH SUHVHQWV PRUH
GLIILFXOWLHV WR WKH SDUDOOHO DSSOLFDWLRQ SURJUDPPHU WKDQ ERWK WKH VKDUHG PHPRU\
PXOWLSURFHVVRU DQG WKH XQLSURFHVVRU 7KH SURJUDPPHU KDV WR VXEGLYLGH WKH SURJUDP LQWR
XQLWV WKDW UXQ RQ GLIIHUHQW QRGHV DQG FRPPXQLFDWH YLD PHVVDJHV VHQW RYHU WKH QHWZRUN
:KLOVW 1,3 GRHV QRW WDUJHW DQ\ SDUWLFXODU GLVWULEXWHG PHPRU\ SDUDOOHO V\VWHP WKH V\VWHP XVHG
IRU WKH GHYHORSPHQW DQG EHQFKPDUNLQJ RI 1,3 LV WKH $33 $IIRUGDEOH 3DUDOOHO 3ODWIRUP
ZKLFK LV EXLOW HQWLUHO\ IURP VWDQGDUG ORZFRVW FRPPRGLW\ KDUGZDUH FRPSRQHQWV
&XUUHQW FRPPHUFLDOO\ DYDLODEOH 033 0DVVLYHO\ 3DUDOOHO 3URFHVVLQJ V\VWHPV DUH DOVR WDUJHWV
IRU 1,3 +RZHYHU WKH FXVWRP GHVLJQHG FRPSRQHQWV RI WKH 033 V\VWHPV LQFOXGLQJ LQWHUQDO
QHWZRUNV SURFHVVRUQHWZRUN LQWHUIDFHV DQG FDELQHWU\ OHDG WR KLJK GHVLJQ GHYHORSPHQW DQG
PDQXIDFWXULQJ FRVWV ZKLFK DUH SDVVHG RQ WR WKH XVHU &RQVHTXHQWO\ WKH\ KDYH D FRVW
SHUIRUPDQFH UDWLR ZKLFK LV VLJQLILFDQWO\ KLJKHU WKDQ WKDW RI FRPPRGLW\ XQLSURFHVVRU
V\VWHPV ,Q DGGLWLRQ WKHLU KLJK DEVROXWH FRVW UHVWULFWV WKH QXPEHU RI XVHUV ZKR FDQ DIIRUG
WKHP
7KH $33 DGGUHVVHV WKH SUREOHP RI FRVW E\ XVLQJ VWDQGDUG ORZFRVW FRPPRGLW\ KDUGZDUH
FRPSRQHQWV VSHFLILFDOO\ KLJK SHUIRUPDQFH 3&V LQWHUFRQQHFWHG E\ D KLJK WKURXJKSXW
VFDOHDEOH $70 QHWZRUN IRU H[SHULPHQWDO UHDVRQV WKH 3&V DUH DOVR LQWHUFRQQHFWHG E\ )DVW
(WKHUQHW 7KLV DSSURDFK FRXOG DOORZ KLJK SHUIRUPDQFH V\VWHPV WR EH EXLOW DW D VLJQLILFDQWO\
ORZHU FRVW WKDQ FXUUHQW SDUDOOHO V\VWHPV
 1,3 '(6,*129(59,(:
7KH JRDO RI 1,3 LV WR H[HFXWH FRPSLOHG 8)2 SURJUDPV H[SORLWLQJ SDUDOOHOLVP DV HIILFLHQWO\ DV
SRVVLEOH ,Q WKLV VHFWLRQ DQ DUFKLWHFWXUDO RYHUYLHZ RI 1,3 LV JLYHQ ,W EHJLQV ZLWK D
GHVFULSWLRQ RI 1,3 UXQQLQJ RQ DQ DEVWUDFW SDUDOOHO V\VWHP DQG WKHQ GHVFULEHV KRZ LW PDSV
RQWR D GLVWULEXWHG PHPRU\ SDUDOOHO V\VWHP VXFK DV D QHWZRUN RI ZRUNVWDWLRQV
 7KH 1,3 $EVWUDFW 3DUDOOHO 6\VWHP
7KH 1,3 UXQWLPH V\VWHP FDQ EH FRQVLGHUHG DV DQ DEVWUDFW SDUDOOHO V\VWHP FRQVLVWLQJ RI D ORDG
EDODQFHU DQG DQ REMHFW PHPRU\ 7KH XQLW RI H[HFXWLRQ LV D WDVN DQG WKHUH LV D OLPLW WR WKH QXPEHU
RI WDVNV WKDW FDQ EH H[HFXWLQJ LQ SDUDOOHO DW D SDUWLFXODU WLPH :KHQ WKH OLPLW LV UHDFKHG WKH
V\VWHP LV FRQVLGHUHG ´EXV\µ DV WKH SDUDOOHOLVP LW RIIHUV LV IXOO\ H[SORLWHG 7KH ORDG EDODQFHU LV
UHVSRQVLEOH IRU NHHSLQJ WKH V\VWHP DW WKH ´EXV\µ VWDWH E\ FUHDWLQJ QHZ WDVNV ZKHQ LW LV
QHFHVVDU\ DV LV QRZ GHVFULEHG
REMHFW PHPRU\
ORDG EDODQFHU
SURJUDP
VWDUWV
OHJHQG
WDVN FUHDWHG
IURP WDVNOHW
WDVNOHW VWROHQ
WDVNOHWWDVN
1,3 DEVWUDFW SDUDOOHO V\VWHP
)LJXUH  7KH 1,3 DEVWUDFW SDUDOOHO V\VWHP
7KH 8)2 SURJUDPPHU FDQ GHYHORS DQ DSSOLFDWLRQ IRU WKH 1,3 DEVWUDFW SDUDOOHO V\VWHP
ZLWKRXW EHLQJ FRQFHUQHG DERXW KRZ WR H[SORLW SDUDOOHOLVP 7KH 8)2 FRPSLOHU ZLOO LGHQWLI\
WKRVH SDUWV RI WKH FRPSXWDWLRQ WKDW FDQ EH HYDOXDWHG LQ SDUDOOHO +RZHYHU LW ZLOO QRW FUHDWH
QHZ WDVNV IRU WKHP LQVWHDG LW ZLOO SODQW FRGH WR FUHDWH WDVNOHWV 7DVNOHWV DUH VPDOO
UHSUHVHQWDWLRQV RI SLHFHV RI FRPSXWDWLRQ WKDW FRXOG EH HYDOXDWHG LQ SDUDOOHO
&RPSXWDWLRQDOO\ WDVNOHWV DUH FKHDSHU WR FUHDWH WKDQ WDVNV :KHQ ZRUN LV UHTXLUHG WR NHHS WKH
V\VWHP EXV\ WKH ORDG EDODQFHU FDQ XVH WKH LQIRUPDWLRQ HQFDSVXODWHG LQ D WDVNOHW LQ RUGHU WR
FUHDWH D QHZ WDVN
1,3 ZLOO DXWRPDWLFDOO\ FUHDWH D VLQJOH WDVN ZKHQ WKH H[HFXWLRQ RI WKH 8)2 SURJUDP VWDUWV ,I
WKH SURJUDP LV SDUDOOHO WKH WDVN ZLOO SURGXFH WDVNOHWV ZKLFK WKH ORDG EDODQFHU FRQYHUWV LQWR
WDVNV XQWLO WKH V\VWHP LV ´EXV\µ 7KH QHZO\ FUHDWHG WDVNV PD\ DOVR WKHPVHOYHV SURGXFH
WDVNOHWV WKDW DUH DYDLODEOH WR WKH ORDG EDODQFHU ,I D WDVNOHW KDV QRW EHHQ FRQYHUWHG WR D SDUDOOHO
WDVN E\ WKH WLPH WKH UHVXOW RI LWV FRPSXWDWLRQ LV UHTXLUHG WKH WDVN WKDW FUHDWHG WKH WDVNOHW
UHPRYHV LW DQG H[HFXWHV WKH FRPSXWDWLRQ VHULDOO\ 7KH WHFKQLTXH XVHG E\ WKH ORDG EDODQFHU WR
G\QDPLFDOO\ FUHDWH WDVNV RQO\ ZKHQ QHFHVVDU\ LV FDOOHG OD]\ WDVN FUHDWLRQ >@ DQG LW LV GLVFXVVHG LQ
GHWDLO LQ VHFWLRQ 
 7DVN 6WDWHV
$ WDVN PD\ EH LQ DQ\ RI WKH IRXU VWDWHV VKRZQ LQ )LJXUH  :KHQ D WDVN LV FUHDWHG LW DOZD\V
VWDUWV LQ WKH ´UXQQLQJµ VWDWH +RZHYHU WKHUH PD\ EH VLWXDWLRQV ZKHQ WKH WDVN ZLOO KDYH WR
EHFRPH ´VXVSHQGHGµ VHFWLRQ  ,Q VXFK D FDVH LI QHFHVVDU\ WKH ORDG EDODQFHU ZLOO WU\ WR
FUHDWH D QHZ WDVN LQ RUGHU WR NHHS WKH V\VWHP DV FORVH WR WKH ´EXV\µ VWDWH DV SRVVLEOH ,I D WDVN
FDQ H[LW WKH ´VXVSHQGHGµ VWDWH DQG WKH SDUDOOHO V\VWHP LV QRW ´EXV\µ WKH ORDG EDODQFHU ZLOO
UHWXUQ WKH WDVN LQ WKH ´UXQQLQJµ VWDWH 2WKHUZLVH WKH WDVN ZLOO HQWHU WKH ´ZDLWLQJµ VWDWH
:KHQ WKH ORDG EDODQFHU UHTXLUHV D WDVN WR UXQ LW ILUVW FKHFNV ZKHWKHU WKHUH DUH DQ\ WDVNV LQ
WKH ´ZDLWLQJµ VWDWH EHIRUH FUHDWLQJ D QHZ RQH IURP D WDVNOHW DQG LI VR LW PRYHV WKH WDVN WR
WKH ´UXQQLQJµ VWDWH )LQDOO\ D WDVN WKDW FRPSOHWHV LWV H[HFXWLRQ HQWHUV WKH ´WHUPLQDWHGµ VWDWH
DQG WKH ORDG EDODQFHU GHVWUR\V LW
UXQQLQJ
ZDLWLQJ
VXVSHQGHG
LQLWLDO
WHUPLQDWHG
H[LW
)LJXUH  7DVN VWDWH GLDJUDP
 2EMHFW 0HPRU\
(YHU\ WDVN LQ WKH 1,3 DEVWUDFW SDUDOOHO V\VWHP PD\ DFFHVV REMHFWV LQ WKH PHPRU\ E\
H[HFXWLQJ PHWKRGV RQ WKHP 7KHUH LV QR QHHG IRU WDVNV WR V\QFKURQLVH WKHLU PHWKRG FDOOV RQ
REMHFWV DV WKH REMHFW PHPRU\ WDNHV FDUH RI V\QFKURQLVDWLRQ LVVXHV ZKLOH WU\LQJ WR LQVXUH WKH
PD[LPXP SDUDOOHOLVP LQ PHPRU\ RSHUDWLRQV 7KH PHPRU\ PRGHO IROORZV WKH 8)2 VHPDQWLFV
DQG DOORZV DQ\ QXPEHU RI WDVNV WR FDOO PHWKRGV RQ DQ REMHFW DW WKH VDPH WLPH LI WKH PHWKRGV
GR QRW FKDQJH WKH VWDWH RI WKH REMHFW +RZHYHU WKH PHPRU\ PRGHO JXDUDQWHHV WKDW RQO\ RQH
WDVN DW D WLPH LV DOORZHG WR FKDQJH WKH VWDWH RI DQ REMHFW 7KH GHVLJQ DQG LPSOHPHQWDWLRQ RI
WKH PHPRU\ PRGHO LV GLVFXVVHG LQ GHWDLO LQ VHFWLRQ 
 1,3 RQ 'LVWULEXWHG 0HPRU\ 6\VWHPV
(YHU\ QRGH LQ WKH GLVWULEXWHG PHPRU\ SDUDOOHO V\VWHP HJ DOO WKH ZRUNVWDWLRQV LQ D QHWZRUN
RI ZRUNVWDWLRQV UXQV DQ LQVWDQFH RI D 1,3 1RGH $ 1,3 1RGH FRQVLVWV RI D FROOHFWLRQ RI
FRPSRQHQWV HDFK RQH DVVLJQHG VSHFLILF GXWLHV 7KH FRPSRQHQWV RI DOO WKH 1,3 1RGHV LQ WKH
V\VWHP FRPPXQLFDWH ZLWK HDFK RWKHU E\ H[FKDQJLQJ PHVVDJHV 7KH FRPSRQHQWV DUH
• 7KH 1RGH 0DQDJHU FRPSRQHQW GLUHFWV WKH RSHUDWLRQV RI WKH UHVW RI WKH FRPSRQHQWV LQ D
1,3 1RGH ,W URXWHV WKH PHVVDJHV UHFHLYHG E\ RWKHU 1,3 1RGHV WR WKH DSSURSULDWH
FRPSRQHQW DQG LW PDLQWDLQV 1,3 V\VWHP DQG QRGH VSHFLILF LQIRUPDWLRQ HJ OLVW RI 1,3
1RGHV QXPEHU RI SURFHVVRUV DYDLODEOH RQ WKH FXUUHQW QRGH HWF
• 7KH /RDG %DODQFHU LV UHVSRQVLEOH IRU PDLQWDLQLQJ LQIRUPDWLRQ DERXW WKH WDVNV UXQQLQJ RQ
WKH FXUUHQW 1,3 1RGH ,W XVHV WKH LQIRUPDWLRQ WR PDNH GHFLVLRQV RQ ZKHWKHU PRUH WDVNV
DUH UHTXLUHG RQ WKH 1,3 1RGH RU QRW 7KH /RDG %DODQFHU LV GHVFULEHG LQ GHWDLO LQ VHFWLRQ

• 7KH '60 0DQDJHU LV WKH FRPSRQHQW UHVSRQVLEOH IRU PDQDJLQJ WKH ORFDO PHPRU\ RI WKH
1,3 1RGH DQG LW LV GHVFULEHG LQ VHFWLRQ 
• 7KH &RPPXQLFDWRU LV D ZUDSSHU DURXQG WKH XQGHUO\LQJ FRPPXQLFDWLRQ OD\HU WKDW LV XVHG
$OO WKH 1,3 1RGHV LQ WKH V\VWHP FROODERUDWH WR H[HFXWH D SURJUDP 2Q HYHU\ 1,3 1RGH
WKHUH LV D OLPLW RQ WKH QXPEHU RI WDVNV WKDW PD\ EH H[HFXWHG LQ SDUDOOHO EXW WKH QXPEHU PD\
QRW EH WKH VDPH IRU DOO 1,3 1RGHV 8VXDOO\ WKH OLPLW LV HTXDO WR WKH QXPEHU RI SURFHVVRUV
DYDLODEOH RQ D QRGH
 7+(1,3 (;(&87,2102'(/
2Q HYHU\ 1,3 1RGH WKH /RDG %DODQFHU FRPSRQHQW GHDOV ZLWK WKH FUHDWLRQ DQG H[HFXWLRQ RI
WDVNV 7KH VHW RI /RDG %DODQFHU FRPSRQHQWV LQ WKH SDUDOOHO V\VWHP FRRSHUDWHV ZLWK HDFK
RWKHU LQ RUGHU WR WU\ WR HQVXUH WKDW QRGHV DOZD\V KDYH WDVNV WR H[HFXWH ,Q WKLV VHFWLRQ D
QRYHO YDULDQW RI WKH OD]\ WDVN FUHDWLRQ >@ WHFKQLTXH LV LQWURGXFHG WKH WDVN H[HFXWLRQ
PHFKDQLVP LV GHVFULEHG DQG WKH G\QDPLF ORDG EDODQFLQJ VFKHPH XVHG E\ 1,3 LV SUHVHQWHG
 /D]\ 7DVN &UHDWLRQ
/D]\ WDVN FUHDWLRQ DWWHPSWV WR UHGXFH WKH FRVW RI FUHDWLQJ WDVNV IRU FRQFXUUHQW H[HFXWLRQ ,Q
>@ D WHFKQLTXH LV GHVFULEHG ZKHUH HYHU\ WDVN PDLQWDLQV D TXHXH RI FRQWLQXDWLRQV $
FRQWLQXDWLRQ UHSUHVHQWV D OD]\ IXWXUH FDOO D SLHFH RI FRPSXWDWLRQ WKDW FDQ EH H[HFXWHG LQ
SDUDOOHO $V FRPSXWDWLRQDO UHVRXUFHV EHFRPH DYDLODEOH D FRQWLQXDWLRQ LV VWROHQ DQG D QHZ
WDVN LV FUHDWHG :KHQ WKH WDVN UHTXLUHV WKH UHVXOW IURP D FRQWLQXDWLRQ LW UHPRYHV WKH
FRQWLQXDWLRQ IURP WKH TXHXH DQG H[HFXWHV LW LQOLQH 7KH WDVN FUHDWLQJ D FRQWLQXDWLRQ LV FDOOHG
SURGXFHU ZKLOH D SURFHVVRU VWHDOLQJ D FRQWLQXDWLRQ LV FDOOHG FRQVXPHU 7KH FRQWLQXDWLRQ TXHXH LV
JXDUGHG E\ D ORFN LQ RUGHU WR DYRLG VLPXOWDQHRXV DFFHVV E\ WKH SURGXFHU DQG FRQVXPHU
0RKU HW DO VKRZ WKDW LW LV EHQHILFLDO WR XVH FRQWLQXDWLRQV LQ RUGHU WR UHSUHVHQW SRWHQWLDOO\
SDUDOOHO SLHFHV RI FRPSXWDWLRQ WKDW PD\ EH FRQYHUWHG WR WDVNV DW UXQWLPH UDWKHU WKDQ FUHDWLQJ
WDVNV IRU DOO RI WKHP
$Q LPSRUWDQW LVVXH IRU HIILFLHQW SDUDOOHO FRPSXWDWLRQ LV WKH FRVW RI WKH LQOLQH H[HFXWLRQ RI WKH
FRQWLQXDWLRQ ZKLFK VKRXOG QRW EH PXFK JUHDWHU WKDQ WKH FRVW RI H[HFXWLQJ WKH VDPH
FRPSXWDWLRQ LQ D SXUHO\ VHULDO HQYLURQPHQW 7KHUHIRUH LQ D SDUDOOHO V\VWHP XVLQJ D OD]\ WDVN
FUHDWLRQ VFKHPH LW LV YHU\ LPSRUWDQW WKDW WKH FRVW RI FUHDWLQJ FRQWLQXDWLRQV DQG H[HFXWLQJ
WKHP LQOLQH LV PLQLPLVHG
$QDO\VLV RI WKH H[LVWLQJ OD]\ WDVN FUHDWLRQ WHFKQLTXH LGHQWLILHG WKUHH FDXVHV RI LQHIILFLHQF\
 7KH FRQWLQXDWLRQ TXHXH LV PDLQWDLQHG RQ D KHDS DQG WKHUHIRUH WKH FUHDWLRQ DQG
GHVWUXFWLRQ RI FRQWLQXDWLRQV DUH H[SHQVLYH RSHUDWLRQV EHFDXVH PHPRU\ PXVW EH
DOORFDWHGIUHHG RQ D KHDS
 )RU LWHUDWLYH FRPSXWDWLRQV ZKHUH HDFK LWHUDWLRQ FDQ EH H[HFXWHG LQ SDUDOOHO WKH QXPEHU
RI FRQWLQXDWLRQV FUHDWHG HTXDOV WKH QXPEHU RI LWHUDWLRQV $V WKH FUHDWLRQ RI HDFK
FRQWLQXDWLRQ KDV D ILQLWH FRVW WKLV LV D ODUJH RYHUKHDG )RU H[DPSOH LI D IXQFWLRQ LV
PDSSHG RQWR DQ 1HOHPHQW YHFWRU WKHQ 1 FRQWLQXDWLRQV ZLOO EH FUHDWHG
 7KH TXHXH RI FRQWLQXDWLRQV LV ORFDO WR HYHU\ WDVN :KHQ D SURFHVVRU UHTXLUHV D WDVN WR
H[HFXWH LW VHDUFKHV WKH TXHXHV RI WKH WDVNV RQ WKH RWKHU SURFHVVRUV LQ D URXQGURELQ

IDVKLRQ XQWLO LW ILQGV D QRQHPSW\ RQH :KHQ DFFHVVLQJ D TXHXH D ORFN PXVW EH DFTXLUHG
ZKLFK LQWURGXFHV VLJQLILFDQW RYHUKHDG 7KH FRVW RI WKHVH ORFN RSHUDWLRQV KDV EHHQ VWDWHG
DV WKH PDLQ SHUIRUPDQFH GLVDGYDQWDJH RI OD]\ WDVN FUHDWLRQ LQ >@
 1,3 /D]\ 7DVN &UHDWLRQ
,Q 1,3 D QRYHO YDULDWLRQ RI WKH OD]\ WDVN FUHDWLRQ WHFKQLTXH LV XVHG 7KH 1,3 /D]\ 7DVN
&UHDWLRQ KDV D VLPSOHU DQG PRUH SRUWDEOH GHVLJQ WKDQ WKH RULJLQDO WHFKQLTXH ,Q 1,3 /D]\
7DVN &UHDWLRQ WDVNOHWV DUH XVHG DV WKH UHSUHVHQWDWLRQV RI WKH SRWHQWLDOO\ SDUDOOHO SDUWV RI WKH
FRPSXWDWLRQ 7KH QHZ WHFKQLTXH UHGXFHV WKH HIIHFWV RI WKH VRXUFHV RI LQHIILFLHQF\ LGHQWLILHG
LQ WKH SUHYLRXV VHFWLRQ
 7DVNOHWV DUH DOORFDWHG LQ WKH VWDFN IUDPH RI WKH WDVN WKDW FUHDWHV WKHP DV LQ WKH SUHYLRXV
VHFWLRQ EXW WKH WDVNOHW TXHXH LV QRW DOORFDWHG RQ D KHDS ,QVWHDG WKH WDVNOHWV DUH GLUHFWO\
OLQNHG DQG WKH /RDG %DODQFHU RQO\ PDLQWDLQV SRLQWHUV WR WKH ILUVW DQG WKH ODVW WDVNOHW LQ
WKH TXHXH 7KLV UHGXFHV WKH PHPRU\ DOORFDWLRQGHDOORFDWLRQ FRVWV DOWKRXJK ZKHQ QHZ
WDVNOHWV DUH FUHDWHG WKH OLQNV PXVW VWLOO EH XSGDWHG EXW WKLV LV D UHODWLYH VPDOO FRVW
ORDG EDODQFHU
1,3 DEVWUDFW SDUDOOHO V\VWHP
WDVNWDVNWDVN
VWDFN VWDFN VWDFN
ODVWILUVW
)LJXUH  7DVNOHW TXHXH
 2QO\ RQH WDVNOHW LV FUHDWHG IRU D FRPSOHWH LWHUDWLYH FRPSXWDWLRQ HJ D IRUORRS UDWKHU
WKDQ RQH IRU HDFK LWHUDWLRQ 2QFH WKH WDVNOHW LV FUHDWHG WKH LWHUDWLRQV FDQ EH H[HFXWHG
VHULDOO\ E\ WKH WDVN WKDW FUHDWHG WKH WDVNOHW ZKLOH RQH RU PRUH LWHUDWLRQV FDQ EH VWROHQ E\
WKH /RDG %DODQFHU IRU H[HFXWLRQ HOVHZKHUH )RU H[DPSOH FRQVLGHU D SURJUDP LQ ZKLFK D
IXQFWLRQ I LV PDSSHG RQWR HDFK HOHPHQW RI D YHFWRU ,Q SVHXGRFRGH D VHULDO YHUVLRQ RI
WKH DOJRULWKP ZRXOG EH DV VKRZQ LQ )LJXUH H ,Q WKH 1,3 YHUVLRQ DJDLQ LQ SVHXGR
FRGH DQ LQVWDQFH RI WKH ParallelMap FODVV )LJXUH D LV FRQVWUXFWHG 7KLV KDV DV
YDULDEOHV WKH IXQFWLRQ WKH YHFWRU DQG DQ LQGH[ YDULDEOH ZKLFK DV ZLOO EH VHHQ LV VKDUHG
EHWZHHQ WKH LQOLQH FRGH DQG WKH WDVNVWHDOLQJ FRGH 7KH FODVV FRQVWUXFWRU LQLWLDOLVHV WKH
WDVNOHW SXEOLFLVHV LW WR WKH /RDG %DODQFHU E\ DGGLQJ LW WR WKH ORFDO WDVNOHW TXHXH
activate() DQG WKHQ H[HFXWHV WKH ORRS LQOLQH )LJXUH E 2QFH WKH ORRS LV
FRPSOHWHG WKH WDVNOHW LV UHPRYHG IURP WKH ORFDO TXHXH DQG ZDLWV IRU WKH UHVXOWV RI DQ\
VWROHQ LWHUDWLRQV WR EH UHWXUQHG 7KH /RDG %DODQFHU FDQ VWHDO LWHUDWLRQV E\ FDOOLQJ WKH
stealIteration() PHWKRG )LJXUH F D VWROHQ LWHUDWLRQ LV WXUQHG LQWR D WDVN ZKLFK FDQ
EH H[SRUWHG IRU SDUDOOHO H[HFXWLRQ 7KH LQOLQH H[HFXWLRQ DQG /RDG %DODQFHU FDQ QHYHU
H[HFXWH WKH VDPH LWHUDWLRQ EHFDXVH WKH FULWLFDO VHFWLRQ LQ WKH stealIndex() PHWKRG
)LJXUH G JXDUDQWHHV XQLTXH PDQLSXODWLRQ RI WKH Bindex YDULDEOH $V DQ RSWLPLVDWLRQ
WR LQFUHDVH WKH JUDQXODULW\ RI WDVNV PRUH WKDQ RQH LWHUDWLRQ FDQ EH VWROHQ DW D WLPH E\ WKH
/RDG %DODQFHU 7KHVH ´LWHUDWLYH WDVNOHWVµ DUH LPSRUWDQW IRU UHGXFLQJ FRVWV LQ D ODQJXDJH
OLNH 8)2 ZKLFK GLUHFWO\ VXSSRUWV LWHUDWLRQ +RZHYHU LQ ODQJXDJHV ZKLFK GR QRW GLUHFWO\
VXSSRUW LWHUDWLRQ DQG RIIHU VROHO\ UHFXUVLRQ HJ PRVW IXQFWLRQDO ODQJXDJHV WHFKQLTXHV
IRU WUDQVIRUPLQJ UHFXUVLRQ LQWR LWHUDWLRQ >@ FDQ VWLOO DOORZ WKLV RSWLPLVDWLRQ WR EH

H[SORLWHG 7KH & YHUVLRQ RI WKH ParallelMap FODVV SUHVHQWHG LQ )LJXUH  FDQ EH
IRXQG LQ WKH DSSHQGL[
 7KH WDVNOHW TXHXH LV JXDUGHG E\ D ORFN EXW D WDVN RQO\ QHHGV WR DFTXLUH WKLV ORFN ZKHQ LW
DGGVUHPRYHV D WDVNOHW WRIURP WKH TXHXH (DFK WDVNOHW UHWDLQV D SULYDWH ORFN ZKLFK
PXVW EH DFTXLUHG E\ WKH WDVN ZKHQ LW UHPRYHV SDUW RI WKH FRPSXWDWLRQ LQ RUGHU WR
H[HFXWH LW LQOLQH 7KH /RDG %DODQFHU QHHGV WR DFTXLUH ERWK ORFNV ZKHQ LW FUHDWHV D QHZ
WDVN IURP D WDVNOHW )LUVW LW QHHGV WR ORFDWH D WDVNOHW WR XVH VR LW PXVW DFTXLUH WKH TXHXH·V
ORFN 7KHQ LW QHHGV WR DFTXLUH WKH ORFN³SULYDWH WR WKH WDVNOHW³LQ RUGHU WR VWHDO SDUW RI
WKH FRPSXWDWLRQ 7KLV OHYHO ORFNLQJ VFKHPH DOORZV WKH /RDG %DODQFHU WR FUHDWH D QHZ
WDVN ZLWKRXW EORFNLQJ WKH UHVW RI WKH WDVNV IURP H[HFXWLQJ WKHLU WDVNOHWV LQOLQH
)XUWKHUPRUH RQ D PXOWLSURFHVVRU QRGH WKH WDVNV GR QRW EORFN HDFK RWKHU ZKHQ
DFFHVVLQJ WKHLU WDVNOHWV
 :KHQ WKH /RDG %DODQFHU LV DFWLYH LW FDQQRW EH LQWHUUXSWHG E\ D WDVN 7KHUHIRUH WKH ORFN
RSHUDWLRQV FDQ EH RSWLPLVHG E\ XVLQJ D ERROHDQ YDULDEOH LQVWHDG RI D PXWH[ DV WKH
WDVNOHW·V SULYDWH ORFN SURYLGLQJ WKH WDUJHW SODWIRUP LV FRPSRVHG IURP XQLSURFHVVRU
class ParallelMap
{
public:
  ParallelMap(Vector, Function);
  Task configure();
Private:
  int      stealIndex();
  Vector   _vector;
  Function _function;
  int      _index = 0;
}
D
 H[HFXWH ORRS LQOLQH
ParallelMap(Vector v, Function f)
{
  _vector   = v;
  _function = f;
   DGG WDVNOHW WR WDVNOHW TXHXH
  activate();
  while (true)
  {
    tmpi = stealIndex();
    if (tmpi == -1)
       break;
    else
       _vector[tmpi] =
             f(_vector[tmpi]);
  }
   ZDLW IRU WKH UHVXOWV RI DQ\ H[SRUWHG WDVNV
  wait();
}
E
 FUHDWH WDVN
Task ParallelMap::stealIteration()
{
  tmpi = stealIndex();
  if (tmpi == -1)
    return nothing
  else
    return newTask(_vector,
                   _function,
                   tmpi);
}
F
int ParallelMap::stealIndex()
{
  startCriticalSection();
  if (_index == _vector.length())
then
     1R ZRUN OHIW 5HPRYH WDVNOHW IURP TXHXH
    deactivate();
    stolen = -1;
  else
    stolen = _i;
    _index++;
  endCriticalSection();
  return stolen;
}
G
map(Function f, Vector v)
{
  for int i = 1 to v.length()
    v[i] = f(v[i]);
}
H
)LJXUH  3VHXGRFRGH IRU OD]\ WDVN FUHDWLRQ

ZRUNVWDWLRQV ZKHUH WKH PHPRU\ RSHUDWLRQ RI VHWWLQJ WKH YDOXH RI D ERROHDQ YDULDEOH LV
DWRPLF
 )LQDOO\ WDVNOHWV FDQ EH GHVLJQHG WR EH UHXVDEOH 6R RQFH D WDVNOHW LV FUHDWHG LW PD\ EH
XVHG PDQ\ WLPHV LQ GLIIHUHQW SDUWV RI WKH FRPSXWDWLRQ
7KH 1,3 OD]\ WDVN FUHDWLRQ WHFKQLTXH KDV EHHQ LPSOHPHQWHG LQ & IRU SRUWDELOLW\ 7KLV
GLIIHUV IURP HDUOLHU VFKHPHV HJ >@ ZKLFK DUH VXSSRUWHG E\ D FXVWRPLVHG FRPSLOHU
+RZHYHU WKH SHUIRUPDQFH UHVXOWV JLYHQ LQ VHFWLRQ  VKRZ WKDW WKH HIILFLHQW 1,3 VFKHPH
IRU LWHUDWLYH FRPSXWDWLRQV UHGXFHV WKH QHHG IRU KLJKO\ RSWLPLVHG OD]\ WDVN FUHDWLRQ
PHFKDQLVPV
 7DVN ([HFXWLRQ
$V PHQWLRQHG LQ VHFWLRQ  D WDVN LV WKH XQLW RI H[HFXWLRQ LQ WKH 1,3 DEVWUDFW SDUDOOHO V\VWHP
+RZHYHU LQ PRVW RI WKH RSHUDWLQJ V\VWHPV WKH XQLW RI H[HFXWLRQ LV HLWKHU D SURFHVV RU D WKUHDG
,Q YLHZ RI WKH ORZHU RYHUKHDGV DVVRFLDWHG ZLWK WKH FUHDWLRQ VZLWFKLQJ DQG WHUPLQDWLRQ RI
WKUHDGV RQ WKH GLVWULEXWHG V\VWHPV WKDW 1,3 WDUJHWV WKUHDGV ZHUH SUHIHUUHG RYHU SURFHVVHV DV
WKH H[HFXWLRQ PHGLXP IRU WDVNV 7KH /RDG %DODQFHU FRPSRQHQW LV UHVSRQVLEOH IRU WKH
FUHDWLRQ VXVSHQVLRQ DQG WHUPLQDWLRQ RI WKUHDGV
:KHQ D WDVN HQWHUV WKH ´VXVSHQGHGµ VWDWH WKH /RDG %DODQFHU VXVSHQGV WKH H[HFXWLRQ RI WKH
WKUHDG ZKLFK LV UHVXPHG ZKHQ WKH WDVN PRYHV WR WKH ´UXQQLQJµ VWDWH 7KHUH WKUHH UHDVRQV D
WDVN PD\ EHFRPH ´VXVSHQGHGµ
• $ PHWKRG LV FDOOHG RQ DQ REMHFW FKDQJLQJ LWV VWDWH ZKLOH RWKHU WDVNV DUH H[HFXWLQJ
PHWKRGV LQ SDUDOOHO RQ WKH VDPH REMHFW 7KH WKUHDG H[HFXWLQJ WKH WDVN LV VXVSHQGHG XQWLO
WKH PHWKRG FDOO LV DOORZHG WR SURFHHG
• $ PHWKRG LV FDOOHG RQ DQ REMHFW EXW WKH LQWHUQDO GDWD RI WKH REMHFW LV QRW DYDLODEOH LQ WKH
ORFDO PHPRU\ RI WKH 1,3 1RGH 7KH WKUHDG H[HFXWLQJ WKH WDVN LV VXVSHQGHG XQWLO WKH GDWD
LV IHWFKHG IURP DQRWKHU 1,3 1RGH
• 7KH WDVN KDG FUHDWHG D WDVNOHW DQG QRZ WKH UHVXOW IURP WKH WDVNOHW LV UHTXLUHG 7KH WDVNOHW
FRXOG KDYH EHHQ H[HFXWHG VHTXHQWLDOO\ DW WKLV SRLQW EXW WKH /RDG %DODQFHU KDG DOUHDG\
FRQYHUWHG LW WR D QHZ WDVN 7KH WKUHDG H[HFXWLQJ WKH WDVN ZDLWLQJ IRU WKH UHVXOW LV
VXVSHQGHG XQWLO WKH QHZ WDVN ILQLVKHV
7KH /RDG %DODQFHU PDLQWDLQV LQIRUPDWLRQ DERXW WKH VWDWH RI DOO WKH WDVNV RQ WKH 1,3 1RGH
LQ RUGHU WR GHFLGH ZKHWKHU QHZ WDVNV DUH UHTXLUHG RQ WKH 1,3 1RGH RU QRW
 '\QDPLF /RDG %DODQFLQJ
7KH VHW RI /RDG %DODQFHU FRPSRQHQWV LQ WKH SDUDOOHO V\VWHP FRRSHUDWH ZLWK HDFK RWKHU LQ
RUGHU WR WU\ WR HQVXUH WKDW QRGHV DOZD\V KDYH WDVNV WR H[HFXWH (YHU\ /RDG %DODQFHU
LPSOHPHQWV D VLPSOH DOJRULWKP WR NHHS LWV ORFDO 1,3 1RGH EXV\ ZLWK WDVNV 7KH DOJRULWKP
XWLOLVHV LQIRUPDWLRQ RQ WDVNV DQG WDVNOHWV WKDW WKH /RDG %DODQFHU PDLQWDLQV IRU WKH 1,3
1RGH
,I WKHUH DUH QR WDVNOHWV ZKHQ D QHZ WDVNOHW LV DGGHG WKH /RDG %DODQFHU EURDGFDVWV D
QRWLILFDWLRQ PHVVDJH WR WKH UHVW RI WKH 1,3 1RGHV :KHQ WKH ODVW WDVNOHW LV UHPRYHG D
QRWLILFDWLRQ PHVVDJH LV DOVR EURDGFDVWHG (YHU\ /RDG %DODQFHU FRPSRQHQW PDLQWDLQV D WDVNOHW
DYDLODELOLW\ YHFWRU ZLWK D ERROHDQ HQWU\ IRU HDFK RI WKH RWKHU 1,3 1RGHV LQ WKH V\VWHP 7KH
ERROHDQ HQWU\ LQGLFDWHV ZKHWKHU WKH FRUUHVSRQGLQJ 1,3 1RGH KDV DQ\ WDVNOHWV RU QRW DQG LW
LV XSGDWHG XSRQ WKH UHFHLSW RI D QRWLILFDWLRQ PHVVDJH :KHQ D 1,3 1RGH UXQV RXW RI WDVNOHWV

DQG WKHUH DUH QR WDVNV LQ WKH ´ZDLWLQJµ VWDWH WKH /RDG %DODQFHU FKHFNV WKH WDVNOHW DYDLODELOLW\
YHFWRU DQG VHQGV D UHTXHVW IRU WDVNV WR D QRGH ZLWK D QRQHPSW\ WDVNOHW TXHXH 7KH YHFWRU LV
VHDUFKHG LQ D URXQGURELQ IDVKLRQ DOZD\V VWDUWLQJ ZLWK WKH 1,3 1RGH HQWU\ WKDW IROORZV WKH
FXUUHQW 1,3 QRGH ,I D UHTXHVW IRU WDVNV LV PDGH WR D 1,3 1RGH WKDW KDV DQ HPSW\ WDVNOHW
TXHXH DV WKH UHTXHVW ZDV VHQW EHIRUH WKH ´QR PRUH WDVNOHWVµ QRWLILFDWLRQ PHVVDJH ZDV
UHFHLYHG WKH UHTXHVW LV GHQLHG
7KH VHPDQWLFV RI WKH /RDG %DODQFHU LQ WKH 1,3 DEVWUDFW PDFKLQH DUH UHDOLVHG ZLWK WKH
FROODERUDWLRQ RI DOO WKH /RDG %DODQFHU FRPSRQHQWV
 ',675,%87(' 6+$5('0(025<02'(/
$V GHVFULEHG LQ VHFWLRQ  WKH WDUJHW DUFKLWHFWXUH IRU 1,3 LV D GLVWULEXWHG PHPRU\ SDUDOOHO
PDFKLQH WKDW GRHV QRW GLUHFWO\ RIIHU VKDUHG PHPRU\ HJ D QHWZRUN RI ZRUNVWDWLRQV $
V\VWHP SURYLGLQJ JOREDO DFFHVV WR REMHFWV ZDV UHTXLUHG IRU 1,3 DV D WDVN FDQ EH H[HFXWHG RQ
DQ\ QRGH DQG LW PD\ UHTXLUH DFFHVV WR REMHFWV FUHDWHG RQ RWKHU QRGHV VHFWLRQ 
,W ZRXOG KDYH EHHQ SRVVLEOH WR XWLOLVH D FRQYHQWLRQDO JHQHUDO DOOLQVRIWZDUH 'LVWULEXWHG
6KDUHG 0HPRU\ '60 V\VWHP WR LPSOHPHQW WKH PHPRU\ PRGHO UHTXLUHG IRU 1,3 >@
+RZHYHU LW ZDV EHOLHYHG WKDW D 1,3VSHFLILF '60 V\VWHP WKH 1,3'60 FRXOG VXSSRUW WKH
VHPDQWLFV RI WKH 1,3 FRPSXWDWLRQDO PRGHO PRUH HIILFLHQWO\ WKDQ FRQYHQWLRQDO '60
V\VWHPV 7KH 1,3 FRPSXWDWLRQDO PRGHO LPSRVHV FHUWDLQ UHVWULFWLRQV RQ WKH ZD\ REMHFWV FDQ
EH DFFHVVHG VHFWLRQ  DQG 1,3'60 H[SORLWV WKHVH UHVWULFWLRQV³DV LV GHVFULEHG LQ WKH UHVW
RI WKLV VHFWLRQ³LQ D ZD\ WKDW FDQQRW EH DFKLHYHG E\ D FRQYHQWLRQDO '60 V\VWHP
,Q WKLV VHFWLRQ DQ DUFKLWHFWXUDO RYHUYLHZ RI WKH 1,3'60 LV SUHVHQWHG DQG WKH PRWLYDWLRQ
EHKLQG WKH GHVLJQ GHFLVLRQV LV H[SODLQHG 7KH PHPRU\ FRQVLVWHQF\ SURWRFRO XVHG LQ
1,3'60 DQG WKH ZD\ FDFKLQJ LV XVHG WR LPSURYH SHUIRUPDQFH DUH GHVFULEHG 7KH DVSHFWV RI
WKH 1,3'60 V\VWHP WKDW H[SORLW WKH 1,3 REMHFW DFFHVV VHPDQWLFV DUH KLJKOLJKWHG WKURXJKRXW
WKH VHFWLRQ
 1,3'60 $UFKLWHFWXUH
0RVW FRQYHQWLRQDO VRIWZDUHEDVHG '60 V\VWHPV SURYLGH D VLQJOH DGGUHVV VSDFH YLHZ WR SDUDOOHO
DSSOLFDWLRQV HJ > @ $ SDUDOOHO DSSOLFDWLRQ UXQQLQJ RQ D GLVWULEXWHG PHPRU\ PDFKLQH
FRQVLVWV RI D FROOHFWLRQ RI WKUHDGV RU SURFHVVHV WKDW XVH UHDG DQG ZULWH RSHUDWLRQV RQ YLUWXDO
DGGUHVVHV³LQ WKH VDPH PDQQHU DV D VHULDO SURJUDP
7KLV PHPRU\ PRGHO LV QRW LGHDO IRU SDUDOOHOLVP DV LQWHUOHDYLQJ RI UHDG DQG ZULWH RSHUDWLRQV
DUH DOORZHG ZLWKRXW DQ\ UHVWULFWLRQV DOWKRXJK SURJUDPPHUV VHULDOLVH PHPRU\ RSHUDWLRQV
XVLQJ PHPRU\ ORFN RSHUDWLRQV 7KH '60 SURYLGHV WKH PHPRU\ ORFN RSHUDWLRQV EXW LW LV VWLOO WKH
UHVSRQVLELOLW\ RI WKH SDUDOOHO DSSOLFDWLRQ SURJUDPPHUV WR XVH WKHP FRUUHFWO\ LQ RUGHU WR
SURWHFW VKDUHG PHPRU\ UHJLRQV IURP VLPXOWDQHRXV DFFHVVHV )DLOXUH WR GR WKLV RIWHQ UHVXOWV
LQ VRIWZDUH HUURUV ZKLFK DUH YHU\ KDUG WR GLVFRYHU
1,3'60 LQYHVWLJDWHV DQ DOWHUQDWLYH DSSURDFK XVLQJ WKH VHPDQWLFV RI WKH REMHFW PHPRU\ RI
WKH 1,3 DEVWUDFW V\VWHP ZKHUH LW LV WKH PHPRU\ WKDW GHDOV ZLWK VHULDOLVDWLRQ LQ PHPRU\
DFFHVV UDWKHU WKDQ WKH DSSOLFDWLRQ 7KH 1,3'60 SURYLGHV DQ REMHFW YLHZ RI WKH GLVWULEXWHG
PHPRU\ WKH XQLW RI VKDULQJ LV WKH REMHFW 7KH ZD\V LQ ZKLFK REMHFWV FDQ EH DFFHVVHG E\ WKH
SDUDOOHO DSSOLFDWLRQ DUH UHVWULFWHG VHFWLRQ  7KHUH DUH D IHZ VLPLODULWLHV EHWZHHQ WKH
1,3'60 REMHFW VSDFH WKH WXSOH VSDFH RI /LQGD >@ DQG WKH GDWDVWUXFWXUHG '60 V\VWHPV
OLNH (PHUDOG DQG &ORXGV > @ EXW WKHUH DUH VLJQLILFDQW GLIIHUHQFHV DV ZHOO DV ZLOO EH
GHVFULEHG

7KH 1,3'60 LV RUJDQLVHG DV D FROOHFWLRQ RI REMHFWV ZKLFK DUH VKDUHG DPRQJVW WKH
SDUWLFLSDWLQJ 1,3 QRGHV $ SDUDOOHO DSSOLFDWLRQ FDQQRW GLUHFWO\ DFFHVV PHPRU\ ORFDWLRQV EXW
LQVWHDG LW FDOOV PHWKRGV XSRQ REMHFWV 'HSHQGLQJ RQ ZKHWKHU RU QRW D PHWKRG XSGDWHV WKH
VWDWH RI WKH REMHFW LW LV FKDUDFWHULVHG DV D UHDG PHWKRG D IXQFWLRQ LQ 8)2 RU DV D ZULWH PHWKRG D
SURFHGXUH LQ 8)2 $Q REMHFW ZLWK RQO\ UHDG PHWKRGV LV FRQVLGHUHG WR EH LPPXWDEOH ZKLOH DQ
REMHFW ZLWK DW OHDVW RQH ZULWH PHWKRG LV FRQVLGHUHG WR EH PXWDEOH 1,3'60 PHHWV WKH 8)2
VHPDQWLFV DV DQ REMHFW FDQ KDYH PXOWLSOH FRQFXUUHQW UHDGHUV EXW RQO\ RQH ZULWHU
6\QFKURQLVDWLRQ RI VLPXOWDQHRXV DFFHVVHV WR D PXWDEOH REMHFW LV DFKLHYHG DXWRPDWLFDOO\ YLD
WKH XVH RI D ORFN ZKLFK LV SULYDWH WR WKDW REMHFW 7KHUHIRUH WKHUH LV QR QHHG IRU WKH
DSSOLFDWLRQ WR GHDO ZLWK V\QFKURQLVDWLRQ 1HYHUWKHOHVV DQ LQWHUIDFH WR WKH SULYDWH ORFN RI
HDFK REMHFW LV DYDLODEOH LQ RUGHU WR VXSSRUW RSWLPLVDWLRQV E\ WKH 8)2 FRPSLOHU ZKHQ LW LV
PRUH HIILFLHQW WR ZUDS FRQWLJXRXV PHWKRG FDOOV RQ WKH VDPH REMHFW ZLWKLQ D VLQJOH SDLU RI
ORFNXQORFN RSHUDWLRQV
 2EMHFW 5HSOLFDWLRQ DQG &RQVLVWHQF\ 0RGHO
2EMHFWV LQ 1,3'60 FDQ EH FDFKHG LQ PXOWLSOH QRGHV FRQVHTXHQWO\ SURYLVLRQ PXVW EH PDGH
IRU WKHLU VWDWH WR EH NHSW FRQVLVWHQW DFURVV WKH QRGHV 0DQ\ FRQVLVWHQF\ PRGHOV KDYH EHHQ
SURSRVHG LQ WKH OLWHUDWXUH > @ DQG DUH XVHG LQ FRQYHQWLRQDO '60 V\VWHPV 7KH FKRLFH
RI WKH FRQVLVWHQF\ PRGHO IRU WKH 1,3'60 ZDV LPSRUWDQW QRW RQO\ EHFDXVH RI WKH
SHUIRUPDQFH LPSOLFDWLRQV EXW DOVR EHFDXVH WKH VHPDQWLFV RI WKH 1,3 FRPSXWDWLRQDO PRGHO
KDYH WR EH PHW ,W ZDV GHFLGHG WKDW WKH HQWU\ FRQVLVWHQF\ PRGHO >@ ZDV FORVH WR WKH
UHTXLUHPHQWV RI WKH 1,3'60 DQG D QRYHO YDULDWLRQ RI WKH RULJLQDO PRGHO RSWLPLVHG IRU 1,3
ZDV GHVLJQHG DQG LPSOHPHQWHG
(QWU\ FRQVLVWHQF\ LV D UHOD[HG PRGHO³LW GHIHUV PHPRU\ XSGDWHV WRIURP UHSOLFDWHG UHJLRQV
XQWLO WKH\ DUH QHFHVVDU\ /LNH PRVW UHOD[HG PRGHOV HQWU\ FRQVLVWHQF\ UHTXLUHV WKDW
DSSOLFDWLRQV IROORZ FHUWDLQ UXOHV LQ WKH ZD\ LQ ZKLFK WKH\ DFFHVV WKH VKDUHG PHPRU\ LQ RUGHU
WR JXDUDQWHH VWULFW FRQVLVWHQF\ VHPDQWLFV LQ WKH ZD\ WKH PHPRU\ RSHUDWHV³D UHDG PHPRU\
RSHUDWLRQ DOZD\V UHWXUQV WKH PRVW UHFHQW YDOXH $Q DSSOLFDWLRQ PXVW DVVRFLDWH DQ\ VKDUHG
YDULDEOHV ZLWK V\QFKURQLVDWLRQ REMHFWV ZKLFK DUH XVHG WR GHILQH FULWLFDO VHFWLRQV 7KH VKDUHG
YDULDEOHV PXVW RQO\ EH DFFHVVHG ZLWKLQ WKHVH FULWLFDO VHFWLRQV 7KH EXUGHQ RI GHILQLQJ WKH
FULWLFDO VHFWLRQV DQG DVVRFLDWLQJ WKH VKDUHG YDULDEOHV ZLWK V\QFKURQLVDWLRQ REMHFWV IDOOV WR WKH
DSSOLFDWLRQ SURJUDPPHU >@
7KH VHPDQWLFV RI WKH 1,3 FRPSXWDWLRQDO PRGHO DOORZ XV WR VLPSOLI\ WKH PRGHO DV WKHUH LV QR
QHHG IRU FULWLFDO VHFWLRQV DW WKH DSSOLFDWLRQ OHYHO (YHU\ PXWDEOH REMHFW KDV D ORFN ZKLFK LV
XVHG ZKHQHYHU D PHWKRG LV DSSOLHG WR WKH REMHFW 7KLV ORFN SURYLGHV WKH V\QFKURQLVDWLRQ
UHTXLUHG ZKHQ DFFHVVLQJ WKH REMHFW·V VWDWH $GGLWLRQDOO\ DV ZLOO EH GHVFULEHG WKH VDPH ORFN LV
XVHG IRU FRQVLVWHQF\UHODWHG RSHUDWLRQV HQVXULQJ WKDW WKH REMHFW·V VWDWH LV DOZD\V NHSW XSWR
GDWH ,Q PRVW FRQYHQWLRQDO '60 GHVLJQV PHPRU\ FRQVLVWHQF\ UHODWHG RSHUDWLRQV UHTXLUH WKH
XVH RI VHSDUDWH ORFNV RQH XVHG E\ FRQVLVWHQF\UHODWHG RSHUDWLRQV DQG RQH IRU
V\QFKURQLVDWLRQUHODWHG RSHUDWLRQV
 0DQDJLQJ &RQVLVWHQF\
,Q WKLV VHFWLRQ WKH 1,3'60 DSSURDFK LQ PDLQWDLQLQJ WKH FRQVLVWHQF\ RI WKH VWDWH RI WKH
REMHFWV LV GHVFULEHG $Q REMHFW LQ WKH 1,3'60 LV DOZD\V DVVLJQHG D VLQJOH 0DQDJHU 1RGH 7KH
0DQDJHU 1RGH PDLQWDLQV LQIRUPDWLRQ DERXW WKH REMHFW DQG LV UHVSRQVLEOH IRU VDWLVI\LQJ FDFKH
UHTXHVWV IURP RWKHU 1,3 1RGHV :KHQ DQ REMHFW LV FDFKHG RQ D QRGH WKH QRGH EHFRPHV
HLWKHU D 5HDG 3UR[\ 1RGH RU D :ULWH 3UR[\ 1RGH IRU WKH REMHFW 7KH IROORZLQJ UXOHV DSSO\

• 7KH 0DQDJHU 1RGH RI DQ REMHFW DOORZV WKH H[HFXWLRQ RI WDVNV ORFDO WR WKDW 1,3 1RGH
ZKLFK FDOO ZULWH DQGRU UHDG PHWKRGV RQ WKH REMHFW ZKHQ WKHUH DUH QR SUR[LHV IRU WKDW
REMHFW
• 7KH 0DQDJHU 1RGH DOORZV WKH H[HFXWLRQ RI UHDG PHWKRGV RQ DQ REMHFW LI 5HDG 3UR[LHV
H[LVW IRU WKDW REMHFW
• $ :ULWH 3UR[\ DOORZV WKH H[HFXWLRQ RI ORFDO WDVNV WKDW FDOO ZULWH DQGRU UHDG PHWKRGV RQ
WKH REMHFW
• $ 5HDG 3UR[\ PD\ DOORZ WKH H[HFXWLRQ RI ORFDO WKUHDGV WKDW FDOO RQO\ UHDG PHWKRGV RQ
WKH REMHFW
• $ QRGH FDQ EH D 0DQDJHU 1RGH D 5HDG RU :ULWH 3UR[\ IRU DQ\ QXPEHU RI REMHFWV EXW
FDQ QHYHU EH PRUH WKDQ RQH RI WKHVH DW WKH VDPH WLPH IRU D SDUWLFXODU REMHFW
• $Q REMHFW LQ WKH 1,3'60 DOZD\V KDV RQH 0DQDJHU 1RGH DQG LW PD\ KDYH ]HUR RU RQH
:ULWH 3UR[\ RU ]HUR RU PDQ\ 5HDG 3UR[LHV DW DQ\ JLYHQ WLPH
:KHQ D WDVN UXQQLQJ RQ D 1,3 1RGH UHTXLUHV DFFHVV WR DQ REMHFW DQG WKDW 1,3 1RGH LV QRW
WKH 0DQDJHU 1RGH RU D 3UR[\ IRU WKH REMHFW WKH WDVN LV VXVSHQGHG DQG WKH REMHFW·V 0DQDJHU
1RGH LV QRWLILHG :KHQ D FRS\ RI WKH REMHFW DUULYHV IURP WKH 0DQDJHU 1RGH WKH QRGH
EHFRPHV D 5HDG RU D :ULWH 3UR[\ GHSHQGLQJ RQ WKH W\SH RI WKH PHWKRG FDOOHG UHDG RU
ZULWH $ WDVN UXQQLQJ RQ D 5HDG 3UR[\ IRU D SDUWLFXODU REMHFW PD\ DOVR KDYH WR EH VXVSHQGHG
LI LW FDOOV D ZULWH PHWKRG RQ WKDW REMHFW 7KH QRGH PXVW ILUVW EHFRPH D :ULWH 3UR[\ IRU WKH
REMHFW EHIRUH WKH WDVN LV DOORZHG WR FRQWLQXH 7KH GHFLVLRQPDWUL[ RI )LJXUH  VKRZV DOO WKH
SRVVLEOH DFWLRQV 1,3'60 PD\ WDNH RQ HQFRXQWHULQJ D PHWKRG FDOO RQ DQ REMHFW 7KH PDWUL[
DOVR VKRZV KRZ 1,3'60 GHDOV ZLWK PXOWLSOH WDVNV UXQQLQJ RQ D 1,3 1RGH UHTXLULQJ DFFHVV
WR WKH VDPH REMHFW DW WKH VDPH WLPH
7\SH RI FDOO RQ WKH REMHFW1RGH W\SH IRU WKH
REMHFW
/RFN W\SH
5HDG PHWKRG :ULWH PHWKRG
0DQDJHU 1RGH )UHH ([HFXWH ([HFXWH
0DQDJHU 1RGH 5HDG ([HFXWH 6XVSHQG XQWLO XQORFNHG TXHXH
0DQDJHU 1RGH :ULWH 6XVSHQG XQWLO XQORFNHG TXHXH 6XVSHQG XQWLO XQORFNHG TXHXH
5HDG 3UR[\ )UHH ([HFXWH 6XVSHQG VHQG ZULWH SUR[\ UHT
5HDG 3UR[\ 5HDG ([HFXWH 6XVSHQG VHQG ZULWH SUR[\ UHT
:ULWH 3UR[\ )UHH ([HFXWH ([HFXWH
:ULWH 3UR[\ 5HDG ([HFXWH 6XVSHQG XQWLO XQORFNHG TXHXH
:ULWH 3UR[\ :ULWH 6XVSHQG XQWLO XQORFNHG TXHXH 6XVSHQG XQWLO XQORFNHG TXHXH
1RW FDFKHG 1$ 6XVSHQG VHQG UHDG SUR[\ UHT 6XVSHQG VHQG ZULWH SUR[\ UHT
)LJXUH  'HFLVLRQPDWUL[ IRU ORFNLQJ DQ REMHFW
:KHQ WKH 0DQDJHU 1RGH UHFHLYHV D UHTXHVW IURP D QRGH WR EHFRPH D :ULWH RU D 5HDG 3UR[\
LW DFWV DFFRUGLQJ WR WKH GHFLVLRQPDWUL[ RI )LJXUH  $V WKH PDWUL[ VKRZV WKH FRQVLVWHQF\
PRGHO UHTXLUHV WKDW LQ VRPH FDVHV WKH DFWLYH 3UR[LHV PXVW EH LQYDOLGDWHG EHIRUH D SUR[\
UHTXHVW FDQ EH VDWLVILHG
3UR[\ UHTXHVW
/RFN W\SH 3UR[\LHV
5HDG :ULWH
)UHH 1$ 6DWLVI\ 6DWLVI\
5HDG 1R 3UR[LHV 6DWLVI\ 4XHXH XQWLO XQORFNHG
:ULWH 1R 3UR[LHV 4XHXH XQWLO XQORFNHG 4XHXH XQWLO XQORFNHG
5HDG 5HDG 3UR[LHV 6DWLVI\ 4XHXH XQWLO LQYDOLGDWHG
:ULWH :ULWH 3UR[\ 4XHXH XQWLO LQYDOLGDWHG 4XHXH XQWLO LQYDOLGDWHG
)LJXUH  'HFLVLRQPDWUL[ DW WKH 0DQDJHU 1RGH

 ,PSOHPHQWDWLRQ
7KH 0DQDJHU 1RGH UHPDLQV WKH VDPH WKURXJKRXW DQ REMHFW·V OLIHWLPH 7KLV LV LQ FRQWUDVW ZLWK
%HUVKDG·V LPSOHPHQWDWLRQ RI WKH HQWU\ FRQVLVWHQF\ PRGHO >@ ZKHUH WKH 0DQDJHU 1RGH³LQ
1,3'60 WHUPV³ZDV WKH QRGH ZLWK ZULWH SHUPLVVLRQ WR WKH REMHFW DQG D GLVWULEXWHG
GLUHFWRU\ VFKHPH ZDV XVHG WR NHHS WUDFN RI WKH 0DQDJHU 1RGH ,Q 1,3'60 WKH RYHUKHDG
DVVRFLDWHG ZLWK PDLQWDLQLQJ WKH GLVWULEXWHG GLUHFWRU\ LV DYRLGHG LQ RUGHU WR VLPSOLI\ WKH
LPSOHPHQWDWLRQ ZKLOH RSWLPLVDWLRQV DUH LQWURGXFHG WKDW UHGXFH WKH QXPEHU RI PHVVDJHV
H[FKDQJHG
(YHU\ REMHFW LV DVVLJQHG D XQLTXH REMHFW ,' WKH 1,3'60 3RLQWHU ZKHQ LW LV FUHDWHG 7KH
1,3'60 3RLQWHU DOVR SURYLGHV DFFHVV WR DQ REMHFW·V PHWKRGV DFWLQJ OLNH D YLUWXDO PHPRU\
SRLQWHU DQG LW LV XVHG E\ WKH 1,3'60 V\VWHP LQ DOO ORFNLQJ DQG FDFKLQJ RSHUDWLRQV
(YHU\ 1,3 1RGH PDLQWDLQV D WDEOH NQRZQ DV WKH 1,3'60 9LUWXDO 2EMHFW 7DEOH ZLWK
LQIRUPDWLRQ RQ DOO WKH REMHFWV FXUUHQWO\ LQ LWV ORFDO PHPRU\ 7KH 1,3'60 3RLQWHU LV DOVR
XVHG DV DQ LQGH[ LQWR WKH WDEOH 7KH LQIRUPDWLRQ IRXQG LQ WKH WDEOH LQFOXGHV
• $ SRLQWHU WR WKH ORFDWLRQ RI WKH REMHFW LQ WKH ORFDO PHPRU\
• 7KH VWDWH RI WKH REMHFW FDFKHG DQGRU ORFNHG
• 7KH SHQGLQJ ORFN UHTXHVWV
• 7KH QRGH W\SH IRU WKH REMHFW 0DQDJHU 1RGH 5HDG 3UR[\ :ULWH 3UR[\
• 7KH QXPEHU RI UHDG ORFNV LI WKH REMHFW LV UHDG ORFNHG
• ,I WKH 1,3 1RGH LV WKH 1RGH 0DQDJHU IRU WKH REMHFW D OLVW RI WKH 3UR[LHV LV DOVR
PDLQWDLQHG
8QOLNH PRVW FRQYHQWLRQDO '60 V\VWHPV 1,3'60 GRHV QRW GHSHQG RQ WKH RSHUDWLQJ
V\VWHP WR GHWHFW PHPRU\ DFFHVVHV DQG WUDS FDFKH PLVVHV $Q REMHFW FDQ RQO\ EH DFFHVVHG YLD
PHWKRG FDOOV DQG RQO\ YLD WKH XVH RI D 1,3'60 3RLQWHU 7KH DGYDQWDJHV RI WKLV DSSURDFK
DUH
• 7KH 1,3'60 V\VWHP LV SRUWDEOH DV QR RSHUDWLQJ V\VWHP VSHFLILF FDOOV DUH UHTXLUHG
• &RQYHQWLRQDO '60 V\VWHPV XVH WKH XQGHUO\LQJ RSHUDWLQJ V\VWHP·V SDJH IDXOW PHFKDQLVP
LQ WKHLU LPSOHPHQWDWLRQ 7KH SDJH IDXOW PHFKDQLVP XVXDOO\ LQYROYHV WUDSV WR WKH NHUQHO
DQG WKH LQYRFDWLRQ RI XVHUGHILQHG KDQGOHUV 1,3'60 XVHV WKH ORFN RSHUDWLRQV UHTXLUHG
E\ WKH FRQVLVWHQF\ SURWRFRO WR GHWHFW REMHFW DFFHVVHV 7KHVH ORFN RSHUDWLRQV ZRXOG KDYH
EHHQ UHTXLUHG HYHQ LI 1,3'60 ZHUH WR XVH WKH XQGHUO\LQJ RSHUDWLQJ V\VWHP·V SDJHIDXOW
PHFKDQLVP
$ FRPSLOHU FDQ IXUWKHU RSWLPLVH DQ REMHFW·V DFFHVV WLPH 2QFH D PHWKRG LV FDOOHG RQ DQ
REMHFW DQG WKH ORFN LV DFTXLUHG WKH ORFDO YLUWXDO PHPRU\ DGGUHVV RI WKH REMHFW LV UHWXUQHG WR
WKH FDOOLQJ WKUHDG $V WKH REMHFW LV ORFNHG LW LV VDIH WR XVH WKH YLUWXDO PHPRU\ DGGUHVV WR
DFFHVV WKH REMHFW LQVWHDG RI WKH 1,3'60 3RLQWHU
$GGLWLRQDO WHFKQLTXHV DUH LQWURGXFHG WKDW DWWHPSW WR LPSURYH WKH SHUIRUPDQFH RI WKH
1,3'60
• :KHQ D PHWKRG FDOO FDQQRW EH H[HFXWHG LPPHGLDWHO\ LW LV TXHXHG E\ WKH 1RGH 0DQDJHU
RU WKH 3UR[\ 1RGH ,W LV SRVVLEOH WR UHDUUDQJH WKH RUGHU RI WKH TXHXHG PHWKRG FDOOV LQ DQ
HIIRUW WR DFKLHYH JUHDWHU SDUDOOHOLVP ZLWKRXW ORVLQJ WKH HQWU\ FRQVLVWHQF\ VHPDQWLFV

• 7KH SHUIRUPDQFH RI WKH FDFKLQJ PHFKDQLVP FDQ EH HQKDQFHG E\ FUHDWLQJ JURXSV RI
REMHFWV :KHQ DQ REMHFW LV DFFHVVHG E\ D UHPRWH 1,3 1RGH D JURXS RI REMHFWV ZLOO EH
FDFKHG WR WKDW 1,3 1RGH 7KH DSSURDFK HOLPLQDWHV WKH SUREOHP RI VSDWLDO ORFDOLW\ WKDW
REMHFWEDVHG '60 V\VWHP H[KLELW )XUWKHUPRUH JURXSV RI REMHFWV FDQ EH XVHG IRU
G\QDPLF GDWD VWUXFWXUHV WR LPSURYH WKH SHUIRUPDQFH RI RSHUDWLRQV RQ WKHP
 3(5)250$1&(5(68/76
,Q WKLV VHFWLRQ SUHOLPLQDU\ SHUIRUPDQFH UHVXOWV IURP WKH H[HFXWLRQ RI WKH SURWRW\SH
LPSOHPHQWDWLRQ RI 1,3 DUH SUHVHQWHG 7KH 1HZFDVWOH $IIRUGDEOH 3DUDOOHO 3ODWIRUP HLJKW
3HQWLXP,, 0+] ZRUNVWDWLRQV ZLWK 0% RI PHPRU\ WKDW DUH LQWHUFRQQHFWHG E\ D
0ESV )DVW (WKHUQHW QHWZRUN ZDV XVHG DV WKH WHVWEHG (DFK RI WKH ZRUNVWDWLRQV ZDV
UXQQLQJ DQ LQVWDQFH RI WKH /LQX[ RSHUDWLQJ V\VWHP 5HG+DW  NHUQHO 
7KH WHVW LV WKH LPSOHPHQWDWLRQ RI WKH 8)2 H[DPSOH VKRZQ LQ )LJXUH  VHFWLRQ  ZKHUH D
IXQFWLRQ I LV PDSSHG RQ WKH HOHPHQWV RI D YHFWRU VHTXHQWLDOO\ DQG WKHQ LQ SDUDOOHO XVLQJ 1,3
7KH VHTXHQWLDO SURJUDP ZDV LPSOHPHQWHG LQ VWDQGDUG & ZKLOH WKH SDUDOOHO YHUVLRQ ZDV
LPSOHPHQWHG LQ & XVLQJ WKH LPSOHPHQWDWLRQ RI WKH ParallelMap WDVNOHW FODVV VHFWLRQ
 7KH HJFV E FRPSLOHU ZDV XVHG IRU WKH FRPSLODWLRQ RI WKH WZR YHUVLRQV RI WKH
SURJUDP
7KH FRVWV RI XVLQJ WKH WDVNOHW ZHUH PHDVXUHG E\ FRPSDULQJ WKH WLPLQJ UHVXOWV IURP WKH
H[HFXWLRQ RI WKH VHTXHQWLDO DQG 1,3 YHUVLRQV RI WKH SURJUDP 7KH RYHUKHDG LQFXUUHG
EHFDXVH RI WKH FUHDWLRQ DQG GHVWUXFWLRQ RI WKH WDVNOHW DQG WKH FRVW SHU LWHUDWLRQ RI XVLQJ WKH
WDVNOHW DUH SUHVHQWHG LQ )LJXUH 
7DVNOHW FUHDWLRQ DQG GHVWUXFWLRQ  XVHFV
2YHUKHDG SHU LWHUDWLRQ  XVHFV
)LJXUH  7DVNOHWUHODWHG FRVWV
7KH ParallelMap WDVNOHW RQO\ DOORZHG RQH LWHUDWLRQ WR EH VWROHQ DW D WLPH $Q RSWLPLVHG
YHUVLRQ RI WKH WDVNOHW ZDV DOVR WHVWHG WKDW H[SRVHG D JURXS RI LWHUDWLRQV DW D WLPH DQG
WKHUHIRUH LQFUHDVLQJ WKH JUDQXODULW\ RI WKH WDVNV FUHDWHG 7KH QXPEHU RI LWHUDWLRQV VWROHQ ZDV
FDOFXODWHG DW UXQWLPH DV Q YHFWRU VL]H  QXPEHU RI QRGHV   7KH IROORZLQJ WKUHH WDEOHV SUHVHQW
WKH VSHHGXSV DFKLHYHG RYHU WKH VHTXHQWLDO YHUVLRQ RI WKH SURJUDP ZKHQ XVLQJ GLIIHUHQW
YHFWRU VL]HV DQG GLIIHUHQW JUDQXODULWLHV RI WKH PDSSHG IXQFWLRQ RQ   DQG  ZRUNVWDWLRQV
7KH UHVXOWV VKRZ WKDW 1,3 SHUIRUPV UHDVRQDEO\ ZHOO HYHQ IRU VPDOO JUDQXODULWLHV
)XQFWLRQ JUDQXODULW\ PVHFV ²
6LQJOH LWHUDWLRQ VWROHQ
)XQFWLRQ JUDQXODULW\ PVHFV ²
*URXS RI LWHUDWLRQV VWROHQ
         
          
          
          
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         
)LJXUH  6SHHGXS RQ  QRGHV
)XQFWLRQ JUDQXODULW\ PVHFV ²
6LQJOH LWHUDWLRQ VWROHQ
)XQFWLRQ JUDQXODULW\ PVHFV ²
*URXS RI LWHUDWLRQV VWROHQ
         
          
          
          
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         
)LJXUH  6SHHGXS RQ  QRGHV

)XQFWLRQ JUDQXODULW\ PVHFV ²
6LQJOH LWHUDWLRQ VWROHQ
)XQFWLRQ JUDQXODULW\ PVHFV ²
*URXS RI LWHUDWLRQV VWROHQ
         
          
          
          
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)LJXUH  6SHHGXS RQ  QRGHV
 &21&/86,216 $1' )857+(5:25.
,Q WKLV SDSHU WKH GHVLJQ RI WKH 1,3 V\VWHP IRU H[HFXWLQJ SDUDOOHO 8)2 SURJUDPV KDV EHHQ
GHVFULEHG 8)2 FRPELQHV HOHPHQWV RI ERWK REMHFWRULHQWHG DQG IXQFWLRQDO SURJUDPPLQJ
PDUU\LQJ WKH LPSOLFLW SDUDOOHOLVP RI IXQFWLRQDO ODQJXDJHV ZLWK WKH HQFDSVXODWLRQ RI VWDWH
PDQLSXODWLRQ RIIHUHG E\ REMHFWRULHQWHG ODQJXDJHV :KLOVW WKLV SDSHU IRFXVHV RQ 8)2 DV WKH
KLJK OHYHO ODQJXDJH WKH LVVXHV GHVLJQ DQG LPSOHPHQWDWLRQ DUH DSSOLFDEOH WR RWKHU VLPLODU
SDUDOOHO ODQJXDJHV DQG WR DQ\ RWKHUV ZKLFK RIIHU VRPH RI WKH IHDWXUHV IRXQG ZLWKLQ 8)2
HJ LWHUDWLRQ HQFDSVXODWLRQ RI VWDWH ZLWKLQ REMHFWV 7KH SDSHU PDNHV WKH IROORZLQJ
FRQWULEXWLRQV
• ,W LQYHVWLJDWHV WKH LVVXHV DQG RSWLRQV LQ WKH GHVLJQ RI V\VWHPV IRU H[HFXWLQJ SDUDOOHO
IXQFWLRQDO SOXV REMHFW SURJUDPV RQ GLVWULEXWHG PHPRU\ SDUDOOHO V\VWHPV
• ,W LQWURGXFHV D QRYHO DQG HIILFLHQW PHWKRG RI OD]LO\ H[WUDFWLQJ SDUDOOHO ZRUN IURP ORRSV
• ,W GHVFULEHV WKH GHVLJQ RI DQ DOOLQVRIWZDUH REMHFWEDVHG '60 WKDW XVHV DQ RSWLPLVHG
YHUVLRQ RI WKH HQWU\ FRQVLVWHQF\ SURWRFRO
7KHUH DUH SODQV WR H[WHQG 1,3 LQ D QXPEHU RI GLUHFWLRQV )LUVW WKH EHKDYLRXU RI D ZLGHU
UDQJH RI SDUDOOHO SURJUDPV ZLOO EH DQDO\VHG $ VHW RI DGYDQFHG FDFKLQJ IHDWXUHV DUH DOVR EHLQJ
GHVLJQHG WR LPSURYH WKH HIILFLHQF\ RI WKH 1,3'60 E\ FRS\LQJ DQG FDFKLQJ JURXSV RI
REMHFWV UDWKHU WKDQ VLQJOH REMHFWV )LQDOO\ ZH DUH LQYHVWLJDWLQJ WKH PDSSLQJ RI RWKHU KLJK
OHYHO ODQJXDJHV RQWR 1,3 WKH LQLWLDO IRFXV LV RQ H[WUDFWLQJ LPSOLFLW SDUDOOHOLVP IURP -DYD
SURJUDPV
7KLV ZRUN KDV LQYHVWLJDWHG WKH GHVLJQ RI DQ HIILFLHQW UXQWLPH V\VWHP WR VXSSRUW LPSOLFLW
SDUDOOHO SURJUDPPLQJ ,PSOLFLW SDUDOOHO SURJUDPPLQJ KDV VLJQLILFDQW DGYDQWDJHV RYHU FXUUHQW
PDLQVWUHDP SDUDOOHO SURJUDPPLQJ PHWKRGRORJLHV VXFK DV 03, DQG 390 3URJUDPPHU
SURGXFWLYLW\ LV LQFUHDVHG E\ UHGXFLQJ WKH DPRXQW RI LQIRUPDWLRQ RQ WKH SDUDOOHO H[HFXWLRQ
VWUDWHJ\ ZKLFK PXVW EH LQFOXGHG LQ WKH SURJUDP ,W DOVR UHVXOWV LQ JUHDWHU SURJUDP SRUWDELOLW\
DV WKH FRPSLOHU DQG UXQWLPH KDYH PRUH IOH[LELOLW\ LQ WHUPV RI KRZ WKH SURJUDP FDQ EH PRVW
HIILFLHQWO\ H[HFXWHG RQ D SDUWLFXODU DUFKLWHFWXUH $V D FRQVHTXHQFH KRZHYHU WKH UXQWLPH
V\VWHP KDV WR EH PRUH FRPSOH[ DV LW WDNHV WKH UHVSRQVLELOLW\ IURP WKH SURJUDPPHU LQ OD]LO\
FUHDWLQJ ZRUN DV UHTXLUHG WR NHHS WKH V\VWHP EXV\ FRS\LQJ DQG FDFKLQJ GDWD ZKLOVW
PDLQWDLQLQJ FRKHUHQFH DQG ORDG EDODQFLQJ 7KH SDSHU KDV GHVFULEHG WKH 1,3 DSSURDFK LQ
HDFK RI WKHVH DUHDV 7KH UHVXOWV RI WKH LQYHVWLJDWLRQ LQFOXGLQJ WKH SUHOLPLQDU\ UHVXOWV
SUHVHQWHG KHUH VKRZ WKLV DSSURDFK WR EH YLDEOH DQG ZRUWK IXUWKHU LQYHVWLJDWLRQ
 5()(5(1&(6
 6XQGHUDP 96 390 $ )UDPHZRUN IRU 3DUDOOHO 'LVWULEXWHG &RPSXWLQJ &RQFXUUHQF\ 3UDFWLFH DQG
([SHULHQFH  'HFHPEHU  S 
 )RUXP 03, 03, $ 0HVVDJH3DVVLQJ ,QWHUIDFH 6WDQGDUG ,QWHUQDWLRQDO -RXUQDO RI 6XSHUFRPSXWHU
$SSOLFDWLRQV DQG +LJK 3HUIRUPDQFH &RPSXWLQJ  

 6WHUOLQJ 7 3 0HVLQD DQG 3+ 6PLWK (QDEOLQJ 7HFKQRORJLHV IRU 3HWDIORSV &RPSXWLQJ  0,7
3UHVV
 +HQVRQ 0& (OHPHQWV RI )XQFWLRQDO /DQJXDJHV  %ODFNZHOO 6FLHQWLILF 3XEOLFDWLRQV
 +DPPRQG . 3DUDOOHO )XQFWLRQDO 3URJUDPPLQJ DQ ,QWURGXFWLRQ LQ 3$6&2
  &RQIHUHQFH RQ 3DUDOOHO
6\PEROLF &RPSXWDWLRQ  &DVWOH +DJHQEXUJ 5,6&/,1= $XVWULD :RUOG 6FLHQWLILF
 'DUOLQJWRQ - DQG 0- 5HHYH $/,&( $ 0XOWLSOHSURFHVVRU 5HGXFWLRQ 0DFKLQH IRU WKH 3DUDOOHO
(YDOXDWLRQ RI $SSOLFDWLYH /DQJXDJHV LQ )3&$
 
 :DWVRQ , HW DO )ODJVKLS D 3DUDOOHO $UFKLWHFWXUH IRU 'HFODUDWLYH 3URJUDPPLQJ LQ WK $QQXDO $&0
6\PSRVLXP RQ &RPSXWHU $UFKLWHFWXUH 
 6DUJHDQW - 8QLWHG )XQFWLRQV DQG 2EMHFWV $Q 2YHUYLHZ   'HSW RI &RPSXWHU 6FLHQFH 8QLYHUVLW\
RI 0DQFKHVWHU
 0RKU ( '$ .UDQ] DQG 5+- +DOVWHDG /D]\ 7DVN &UHDWLRQ $ 7HFKQLTXH IRU ,QFUHDVLQJ WKH
*UDQXODULW\ RI 3DUDOOHO 3URJUDPV ,((( 7UDQVDFWLRQV RQ 3DUDOOHO DQG 'LVWULEXWHG 6\VWHPV   S

 .DVHU 2 HW DO (48$/6  D IDVW SDUDOOHO LPSOHPHQWDWLRQ RI D OD]\ ODQJXDJH -RXUQDO RI )XQFWLRQDO
3URJUDPPLQJ   S 
 %XUVWDOO 50 DQG - 'DUOLQJWRQ 6RPH WUDQVIRUPDWLRQV IRU GHYHORSLQJ UHFXUVLYH SURJUDPV -RXUQDO RI
$&0   S 
 .HOHKHU 3 HW DO 7UHDG0DUNV 'LVWULEXWHG 6KDUHG 0HPRU\ RQ 6WDQGDUG :RUNVWDWLRQV DQG 2SHUDWLQJ
6\VWHPV LQ  :LQWHU 86(1,; &RQIHUHQFH  6DQ )UDQFLVFR &$ 86$
 %HUVKDG %1 DQG 0- =HNDXVNDV 0LGZD\ 6KDUHG 0HPRU\ 3DUDOOHO 3URJUDPPLQJ ZLWK (QWU\
&RQVLVWHQF\ IRU 'LVWULEXWHG 0HPRU\ 0XOWLSURFHVVRUV   6FKRRO RI &RPSXWHU 6FLHQFH &DUQHJLH
0HOORQ 8QLYHUVLW\
 /LDQJ :< &7 .LQJ DQG ) /DL $GVPLWK $Q (IILFLHQW 2EMHFW%DVHG 'LVWULEXWHG 6KDUHG 0HPRU\
6\VWHP RQ 390 LQ QG ,QWHUQDWLRQDO 6\PSRVLXP R 3DUDOOHO $UFKLWHFWXUHV $OJRULWKPV DQG 1HWZRUNV ,
63$1   %HLMLQJ 3HRSOHV 5 &KLQD ,((( &RPSXWHU 6RF 3UHVV
 6FDOHV '- . *KDUDFKRUORR DQG &$ 7KHNNDWK 6KDVWD $ /RZ 2YHUKHDG 6RIWZDUH2QO\ $SSURDFK IRU
6XSSRUWLQJ )LQH*UDLQ 6KDUHG 0HPRU\ LQ WK ,QWHUQDWLRQDO &RQIHUHQFH RQ $UFKLWHFWXUDO 6XSSRUW IRU
3URJUDPPLQJ /DQJXDJHV DQG 2SHUDWLQJ 6\VWHPV $63/269,,  &DPEULGJH 0$
 -RKQVRQ ./ 0) .DDVKRHN DQG '$ :DOODFK &5/ +LJK3HUIRUPDQFH $OO6RIWZDUH 'LVWULEXWHG
6KDUHG 0HPRU\ LQ WK 6\PSRVLXP RQ 2SHUDWLQJ 6\VWHPV 3ULQFLSOHV  &RORUDGR 86$
 &DUWHU -% -. %HQQHWW DQG : 6ZDHQHSRHO ,PSOHPHQWDWLRQ DQG 3HUIRUPDQFH RI 0XQLQ LQ WK $&0
6\PSRVLXP RQ 2SHUDWLQJ 6\VWHPV 3ULQFLSOHV 
 6FDOHV '- DQG 06 /DP $Q (IILFLHQW 6KDUHG 0HPRU\ /D\HU IRU 'LVWULEXWHG 0HPRU\ 0DFKLQHV  
&RPSXWHU 6\VWHPV /DERUDWRU\ 6WDQIRUG 8QLYHUVLW\ &$ 
 -XO ( HW DO )LQH*UDLQHG 0RELOLW\ LQ WKH (PHUDOG 6\VWHP $&0 7UDQVDFWLRQV RQ &RPSXWHU 6\VWHPV
  S 
 $KXMD 6 1 &DUULHUR DQG ' *HOHUQWHU /LQGD DQG )ULHQGV &RPSXWHU   S 
 5DPDFKDQGUDQ 8 DQG 0<$ .KDOLGL $Q ,PSOHPHQWDWLRQ RI 'LVWULEXWHG 6KDUHG 0HPRU\ 6RIWZDUH
3UDFWLVH DQG ([SHULHQFH   S 
 .HOHKHU 3 $/ &R[ DQG : =ZDHQHSRHO /D]\ 5HOHDVH &RQVLVWHQF\ IRU 6RIWZDUH 'LVWULEXWHG 6KDUHG
0HPRU\ LQ WK $QQXDO ,QWHUQDWLRQ 6\PSRVLXP RQ &RPSXWHU $UFKLWHFWXUH 
 ,IWRGH / -3 6LQJK DQG . /L 6FRSH &RQVLVWHQF\ $ %ULGJH EHWZHHQ 5HOHDVH &RQVLVWHQF\ DQG (QWU\
&RQVLVWHQF\ LQ WK $QQXDO $&0 6\PSRVLXP RQ 3DUDOOHO $OJRULWKPV DQG $UFKLWHFWXUHV 
 %OXPRIH 5' 0 )ULJR DQG &) -RHUJ 'DJ&RQVLVWHQW 'LVWULEXWHG 6KDUHG 0HPRU\ LQ WK
,QWHUQDWLRQDO 3DUDOOHO 3URFHVVLQJ 6\PSRVLXP  +RQROXOX +DZDLL
 0RVEHUJHU ' 0HPRU\ &RQVLVWHQF\ 0RGHOV   'HSW RI &RPSXWLQJ 6FLHQFH 8QLYHUVLW\ RI $UL]RQD

 %HUVKDG %1 0- =HNDXVNDV DQG :$ 6DZGRQ 7KH 0LGZD\ 'LVWULEXWHG 6KDUHG 0HPRU\ 6\VWHP LQ
,((( &203&21 &RQIHUHQFH 

 $33(1',;
7KH OD]\ WDVN FUHDWLRQ PHFKDQLVP LQ 1,3 LV LOOXVWUDWHG LQ PRUH GHWDLO WKDQ LQ WKH ERG\ RI WKLV
SDSHU XVLQJ DV DQ H[DPSOH D IXQFWLRQ WKDW PDSV DQRWKHU IXQFWLRQ RYHU HDFK HOHPHQW RI D
YHFWRU $ 8)2 YHUVLRQ RI WKLV SURJUDP ZDV VKRZQ LQ )LJXUH  $ VHULDO & WHPSODWH
LPSOHPHQWDWLRQ RI WKLV IXQFWLRQ LV VKRZQ LQ )LJXUH 
template <class T>
void map(vector<T>& v, T (*f)(const T&))
{
   for(int i = 0; i < v.size(); i++)
      v(i) = f(v(i));
}
)LJXUH  $ VHULDO WHPSODWH IXQFWLRQ WR PDS D IXQFWLRQ RYHU D YHFWRU
$ SDUDOOHO YHUVLRQ RI WKH PDS IXQFWLRQ DV LPSOHPHQWHG LQ 1,3 LV VKRZQ LQ )LJXUH  WR
)LJXUH  )LUVW ZH QHHG WR GHVLJQ D FODVV ParallelMap ZKLFK LQKHULWV WKH SURYLGHG
DEVWUDFW FODVV NIPTasklet 2EMHFWV RI W\SH ParallelMap DUH XVHG ZKHUH WKH VHULDO YHUVLRQ
RI WKH PDS IXQFWLRQ ZRXOG KDYH EHHQ XVHG 7KH LQWHUIDFH RI D SDUDPHWHULVHG YHUVLRQ RI
ParallelMap LV VKRZQ LQ )LJXUH 
template<class T>
class ParallelMap : public NIPTasklet
{
public:
   ParallelMap() : NIPTasklet(NIPTasklet::asynchronous, &execute) {}
   virtual ~ParallelMap() {}
   void        finish(NIPTask&);
   static void execute(NIPTask&);
   bool        configure(NIPTask&);
   void        operator()(vector<T>*, T (*)(const T&));
private:
   int        _i;
   vector<T>* _v;
   T        (*_f)(const T&);
};
)LJXUH  7KH LQWHUIDFH RI D XVHUGHILQHG WDVNOHW
2EMHFWV RI W\SH ParallelMap PDLQWDLQ D YDULDEOH _i ZKLFK LV XVHG IRU FRXQWLQJ WKH HODSVHG
LWHUDWLRQV $Q LQVWDQFH RI WKH ParallelMap FODVV PD\ EH XVHG ZKHUH D ORRS ZRXOG KDYH EHHQ
XVHG 7KH WKUHH YLUWXDO PHWKRGV LQKHULWHG IURP NIPTasklet PXVW QRZ EH GHILQHG )LJXUH
 )LJXUH  )LJXUH 

template<class T>
bool ParallelMap<T>::configure(NIPTask& task)
{
   startCriticalSection();
   int tmpi = _i++;
   endCriticalSection();
   if (tmpi < (*_v).size())
   {
      task.packet().pack(tmpi);
      task.packet().pack((*_v)[tmpi]);
      task.packet().pack((long)_f);
      return true;
   }
   else
   {
      deactivate();
      return false;
   }
}
 )LJXUH  7KH configure PHWKRG RI WKH ParallelMap WHPSODWH FODVV
7KH configure PHWKRG LV DOZD\V H[HFXWHG LQ WKH ZRUN VWHDOHU·V KLJK SULRULW\ WKUHDG ,W LV
FDOOHG ZKHQ D QHZ WDVN PXVW EH FUHDWHG ,Q WKLV FDVH WKH WDVN LV FRQILJXUHG WR FRQWDLQ WKH
QHFHVVDU\ LQIRUPDWLRQ IRU WKH H[HFXWLRQ RI RQO\ RQH LWHUDWLRQ ZKLFK LV QRZ FRQVLGHUHG WR EH
VWROHQ 7KH LQIRUPDWLRQ VWRUHG LQWR WKH NIPTask REMHFW DUH WKH LWHUDWLRQ QXPEHU _i WKH
YDOXH RI WKH LWK HOHPHQW RI WKH YHFWRU DQG WKH SRLQWHU WR WKH IXQFWLRQ WR EH DSSOLHG WR WKDW
HOHPHQW 7KH XSGDWH WR WKH YDULDEOH BL LV JXDUGHG E\ WKH startCriticalSection DQG
endCriticalSection FDOOV ZKLFK DUH WKH LQWHUIDFH WR WKH WDVNOHW·V ORFN )LJXUH 
template<class T>
static void ParallelMap<T>::execute(NIPTask& task)
{
   T (*f)(const T&);
   T tmp;
   task.packet().unpack((long&)f);
   task.packet().unpack(tmp);
   tmp = f(tmp);
   task.packet().pack(tmp);
}
 )LJXUH  7KH execute PHWKRG RI WKH ParallelMap WHPSODWH FODVV
7KH execute VWDWLF PHWKRG LV FDOOHG E\ D ZRUNHU DW D VHSDUDWH WKUHDG RI FRQWURO³PRVW RIWHQ
RQ DQRWKHU QRGH 7KH LQIRUPDWLRQ QHFHVVDU\ WR H[HFXWH WKH VWROHQ LWHUDWLRQ LV UHWULHYHG IURP
WKH NIPTask REMHFW $W WKH HQG RI WKH FRPSXWDWLRQ WKH UHVXOW LV VWRUHG EDFN WR WKH NIPTask
REMHFW )LJXUH 
template<class T>
void ParallelMap<T>::finish(NIPTask& task)
{
   T   tmp;
   int i;
   task.packet().unpack(tmp);
   task.packet().unpack(i);
   (*_v)[i] = tmp;
}
 )LJXUH  7KH finish PHWKRG RI WKH ParallelMap WHPSODWH FODVV

:KHQ WKH SDUDOOHO H[HFXWLRQ RI WKH VWROHQ LWHUDWLRQ KDV FRPSOHWHG WKH NIPTask REMHFW LV
SDVVHG WR WKH finish PHWKRG WKDW UHWULHYHV WKH UHVXOW 7KH ZRUN VWHDOHU FDOOV WKH PHWKRG
IURP ZLWKLQ WKH KLJK SULRULW\ WKUHDG )LJXUH 
7KH IXQFWLRQ RSHUDWRU operator() LV QRW 1,3UHODWHG 7KH ORRS FRXOG KDYH EHHQ
LPSOHPHQWHG DV D PHWKRG RU DV SDUW RI WKH FRQVWUXFWRU $OWKRXJK WKH ILUVW DOWHUQDWLYH LV QRW
GLIIHUHQW IURP WKH RQH VKRZQ WKH ODWWHU ZRXOG KDYH OLPLWHG WKH QXPEHU RI WLPHV WKH
LQVWDQFHV RI WKH FODVV FRXOG EH XVHG &XUUHQWO\ DQ LQVWDQFH RI WKH FODVV FDQ EH XVHG PDQ\
WLPHV +RZHYHU LI WKH DOJRULWKP ZDV SDUW RI WKH FRQVWUXFWRU DQ LQVWDQFH FRXOG RQO\ EH XVHG
RQFH
template<class T>
void ParallelMap<T>::operator()(vector<T>* v, T (*f)(const T&))
{
   _v = v;
   _f = f;
   _i = 0;
   activate();
   while(true)
   {
      startCriticalSection();
      int tmpi = _i++;
      endCriticalSection();
      if (tmpi < (*_v).size())
      {
         (*_v)[tmpi] = _f((*_v)[tmpi]);
      }
      else
      {
         deactivate();
         break;
      }
   }
}
 )LJXUH  7KH IXQFWLRQ RSHUDWRU RI WKH ParallelMap WHPSODWH FODVV
)LQDOO\ ZH FDQ XVH DQ LQVWDQFH RI WKH ParallelMap FODVV³WKH WDVNOHW³WR PDS D IXQFWLRQ
RYHU WKH HOHPHQWV RI D YHFWRU $V ZH QHHG WR EH VXUH WKDW DOO WKH HOHPHQWV RI WKH YHFWRU KDYH
EHHQ XSGDWHG EHIRUH ZH SURFHHG ZH FDOO WKH PHWKRG wait 7KH WDVNOHW FRXOG WKHQ EH UHXVHG
WR PDS DQRWKHU IXQFWLRQ RYHU WKH VDPH RU D GLIIHUHQW YHFWRU

#define X 100
double negative(const double& d)
{
   return (-d);
}
double sqrt(const double& d)
{
   return (d * d);
}
int nipMain(int, char*[])
{
   vector<double>      v(X);
   ParallelMap<double> pmap;
   pmap(&v, &sqrt);
   pmap.wait();
   pmap(&v, &negative);
   return 0;
}
)LJXUH  +RZ WKH ParallelMap FODVV LV XVHG
,Q RUGHU WR VLPSOLI\ WKH WDVN RI WKH 8)2 FRPSLOHU LQ JHQHUDWLQJ QHZ WDVNOHWV WKH 1,3 OLEUDU\
SURYLGHV VRPH XVHIXO WDVNOHWV WKDW FDQ EH XVHG GLUHFWO\ )RU H[DPSOH )LJXUH  LOOXVWUDWHV KRZ
D VLPSOH ORRS RQ IXQFWLRQ I FDQ EH ZULWWHQ XVLQJ WKH 1,3SURYLGHG NIPLoop FODVV
...
NIPLoop loop;
loop(start, end, step, f);
...
)LJXUH  $ 1,3 ORRS WDVNOHW
